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INTRODUCTION

The text of this technical report is very brief because there
is no better way to describe our progress in two years than by the
papers we have written. These are appended to this report,
separated by a blank colored page. Since two years is too short a
time to do experiments, analyze the data, write papers, and wait
for the publication process, most of these are in preprint form.
The main body of this report therefore begins with several
abstracts, then there are two published papers, and then 5
preprints. All of these papers have been submitted, and there are
still others in progress that will also acknowledge AFOSR support.

LIST OF ATTACHMENTS

1. Collection of abstracts

2. Copies of published papers on 3eam Profile Flattening
(Opt. Lett.) and on Transient Laser Cooling (PRL).

3. Preprint of Quantum Calculations paper (accepted, PRA,RC)

4. Preprint of Simplest Laser Cooling System paper (JOSA)

S. Preprint of Bichromatic Cooling paper (PRL)

6. Preprint of Quantum Effects in Helium Cocling paper (PRL)

7. Preprint of Isotropic Light Cooling paper (PRA)
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"Gupta, Padua, Xie, Batelaan, and Metcalf: Longitudinal Fields.

Longitudinal Magnetic Field Effects in Sub-Doppler Cooling
R. Gupta, S. Padua, C. Xie, H. Batelaan, and H. Metcalf

Physics Dept., S.U.N.Y., Stony Brook, NY, 11790

The experimental discovery of sub-Doppler laser cooling was
soon followed by theoretical descriptions that depended on optical
pumping processes among the sublevels of wmultiply degenerate
atomic ground states. These theories were based on polarization
Qradients in counterpropagating light beams. Later it was found
that sub-Doppler cooling could also be achieved in the absence of
polarization gradients when a weak transverse magnetic field was

used for mixing eigenstates of the light shift operator.

By contrast, Zeeman shifts from magnetic fields By along the
quantization axis can add or subtract with the light shifts of
those states. B; thus provides an additional degree of freedom
for studying magnetic effects in laser cooling since the set of
sinusoidal potentials that derives from the spatially periodic
light ghifts in a standing wave can be manipulated with the field.
For example, with circularly polarized light a finite B; can
switch the normal heating to cooling, and vice vqraa. We have
done such experiments in the F = 3 » 4 transition of 85rb at A =
780 nm with diode laser light, and have shown that sub-Doppler

heating and cooling can be interchanged with opposite lengitudinal

‘.




" Gupta, Padua, Xie, Batelaan, and Metcalf: Longitudinal Fields.

field directions, in goocd agreement with this model. Such experi-
ments may also allow us to characterize precisely the magnetic

fields seen by the atoms along their trajectories in the beanm.

The simplest angular momentum schemes that permit sub-Doppler
cooling have 4 levels, and one example is an F = 1 « 0 transition
in either a linearly or circularly polarized standing wave with a
weak transverse magnetic field. The 28% abundant 87Rb isotope has
an F = 1 » 0 transition that is ideal for studying this simplest
possible case. Magnetically induced laser cooling can reduce
atomic kinetic energies to below the peaks of the spatially peri-
odic potential seen by the atoms as a result of their light
shifts, thus channeling them between the planes of the standing
wave. Furthermore, their deBroglie wavelengths become comparable
to the channel size so that their motion is quantized in these

half-wavelength sized optical traps.

This F = 1 « 0 transition produces only one light-shified
level, and thus only one ground state sublevel that can support
bound quantized states. An rfe-induced transition that woculd
change the populations of the quantum vibraticnal states of this
potential (see Fig. 1) would be particularly easy to interpre:,
and would be subject to easily understood Zeeman shifts in a

longitudinal field. We are presently studying this problem.

Supported by NSF, ONR, AFOSR, and CAPES (Brazil)
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FIGURE CAPTION

Figure 1. Energies of quantized states in the optical light shift

potential for an F = 1 « 0 transition in circularly polarized

light with no magnetic field (left) and positive longitudinal

magnetic field (right).
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Abstract Submitted
for the May 1993 Meeting of the
Division of Atomic, Molecular and Opticai Physics

Physical Review Bulletin Subject Heading

Analytic Subject Index

Num!

: 32.80.Pj

A Simplest Possible Scheme For Sub-Doppler Laser
Cooling, R. GUPTA, S. PADUA, C. XIE, H. BATELAAN, and H.
METCALF, SUNY Stony Brook -- The simplest angular momentum
schemes that permit sub-Doppler cooling have 4 levels, and one
example is an F = 1 « O transition in either a linearly or cir-
cularly polarized standing wave with a weak transverse magnetic
field. The 28% abundant ¥7Rb isotope has an F = 1 » O transi-
tion that is ideal for studying this case. Magnetically induced
laser cooling can reduce atomic KE to below the peaks of the
spatially periodic potentia! seen by the atoms as a result of
their light shifts, thus channeling them between the planes of
the standing wave. Furthermore, their deBroglie wavelengths
become comparable to the channel size so that the motion is
quantized in these half-wavelength sized optical traps. This F
= 1 » 0 transition produces only one light-shifted level, and
thus only one ground state sublevel that can support bound quan-
tized states. An rf-induced transition that would change the
populations of the quantum vibrational states of this petential
would be particularly easy to interpret, and would be subject to
casily understood Zeeman shifts in a longitudinal field. We are
presently studying this problem.

Supported by NSF, ONR, AFOSR, and CAPES (Brazil)
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Abstract Submitted
for the May 1993 Meeting of the
Division of Atomic, Molecular and Optical Physics '

. Physical Review Bulletin Subject Heading

Analytic Subject Index in which r should bz placed:
Numﬁr: 32.80.F} Laser ng P

Raman Processes in Sub-Doppler Laser Cooling. C. XI, S.
PADUA, R. GUPTA, H. BATELAAN, and H. METCALF, SUNY
Stony Brook - We have observed a new type of sub-Doppler laser '
cooling with neither polarization gradients nor magnetic fields.
All known sub-Doppler laser cooling methods require one of these
two to redistribute the atomic population among the energy le-
vels. This allows the irreversible processes of optical pumping
(OP) to manipulate the conservative force of light shifts (e.g.
resonant exchange between the two beams comprising a standing
wave) [1] into a damping force. Our scheme emplolys stimulated
Raman transitions between ground state hyperfine levels of Rb
with a bichromatic standing wave, accompanied by a momentum
change of t:i) = 2hk. OP, with 8p = 1 hk, creates a population
imbalance allowing repetition of the Raman process. When the
detuning of the light from Raman resonance & is properly chosen, y
the net momentum exchange damps the atomic motion. Changing &
by only 3/6 (1 MHz2) replaces cooling by heating. This process
separates the velocity selective Raman resonance and OP proces-
ses differently from others, and helps clarify the role of these
different mechanisms.

1. G. Nienhuis et al., Phys. Rev. Add, 462 (1991).
Supported by NSF, ONR, AFOSR, and CAPES (Brazil)
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Abstract Submitted
for the May 1993 Meeting of the
Division of Atomic, Molecular and Optical Physics »
Physical Review Bulletin Subject Headin‘gx
Anal{ten:: Subject Index in which paper should be placed:
Number: 32.80.Pj Laser i ’

Imnsient Effects in Laser Cooling. S. PADUA, C. XIE, R.
GUPTA, H. BATELAAN, T. BERGEMAN, and H. METCALF,
SUNY Stony Brook -- Transient laser cooling (TLC) can produce ’
cooling and heating, but often with the opposite detuning from
that found in steady state. In TLC the time scale is set by the
optical pvmping (OP) rate to a state not coupled by the laser
field. The combination cf such OP processes and the conservative
light shift potential Ugsin?kz leads to TLC. The average PE of
atoms entening a standing wave is Ug/2. They experience the ap-
tical force until undergoing OP to an uncoupled state, which is ’
more likely to happen at high light intensity, near an antinode.
For 8 > ( this means higher PE and thus Jower KE, and conversely
for 8 < 0. In TLC there is no final “tersperature™ resulting from
oomdpetition between a damping force and diffusive heating. In-
stead the changes in KE are bounded by Ug so that the signal R
widths decrease with intensity. This can result in sub-Doppler
widths. We have made two independent theoretical studies of these
experiments. In a semiclassical calculation we evolve the motion
for 1 calcvlated OP time and calculate the velocity distribution,
We have also performed fully quantum mechanical calculations of
the motion of atoms in the standing wave whose basis set consists R
of product states of internal and extermal atomic coordinates.

Supported by NSF, OI'R, AFOSR, and CAPES (Brazil)
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Abstract Submitted
for the May 1993 Meeting of the
Division of Atomic, Molecular and Optical Physics

el B IR SN
tic Subje.t in whic r :
Number: 32 $0.Pj Laser Coolins

Longitudinal Magnetic Eield Effects in SubDoppler
Cooling, R. GUPTA, C. XIE, §. PADUA, H. BATELAAN, and H. '
METCALF,SUNY Stony Brook--Sub-Dopplerlasercooling can be
achieved in the absence of polarization gradients when a weak
transverse magnetic field is used for mixing eigenstates of the
light shift operator. By contrast, Zeeman shifts from magnetic
fields B, along the quantization axis can add or subtract with
the light shifts of those states. B; thus provides an addi- ’
tional degres of freedom for studying magnetic effects in laser
cooling since the set of sinusoidal potentials that derives
from the spatially periodic light shifts in a standing wave can
be manipulated with the field. For example, with circularly
polarized light, a finite By can switch the normal heating to
cooling, and vice versa. We have done such experiments in the ’
F = 3 o 4 transition of 8Rb at a = 780 nm with diode laser
light, and have shown that sub-Doppler heating and cooling can
be interchanged with (:gpositc longitudinal field directions, in
good agreement with this model. One application of such
experiments is to charactenize precisely the magnetic fields
secn by the atoms along their trajectoties in the beam. ’

Supported by NSF, ONR, AFOSR, and CAPES (Brazil)
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Abstract Submitted
for the May 1993 Meeting of the

Division of Atomic, Molecular and Optical Physics ’
‘Physfc#l Review Bulietin Subject Heading
~ Analytic Subject Index in which paper should be placed:
_ Number: 32.80.Pj : lawr Cooling ’

' Sub-Doppier Laser Cooling of Metasiable He, M. WIDMER,
M.J. BELLANCA, E. VREDENBREGT, T. BERGEMAN, and
H. METCALF, SUNY Stony Brook-- We have chserved magnetic- ’
ally induced laser cooling (MILC) on the J = | » 2 component of
the 23S « 2?P transition at A = 1.083 gm in metastahle helium
(He®). At low magnetic field the measured widths of our atomic
velocity distributions are as narrow as 2hk/- corresponding 10 2
. temperature & 3 pK (1-D Doppler limit & 20 - X). At higher fields
(~150 mG) the velocity distribution split. into two peaks of , ’
sub-Doppler width whose seéparation is prop:. tional to the Zeeman -
splitting. Our measurements are cons* . with model calcula-
tions based on the time evolution of uantum density matsices.
Our experiments explore the transition vepime between the quan-
tum mechanical and semiclassical w ~iels of momeatum exchange in
atom-light interactions because of the large ratio (0.4) of the : ’
recoil velocity hk/M-to the rms of the Doppler-limited velocity

distribution $h?/3M for this tramsition. We use a suparsonic
LN, cooled nozzle source excited by a dc discharge for He®, and
l‘z:er excite the 23P state with a home-built diode-laser-pumped LMA
. ’
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Abstract Submitted
for the May 1993 Meeting of the
Division of Atomic, Molecular and Optical Physics

Bulletin Subject Heading

Quantum Calculations For Qne-Dimensional Cooling Of
Helium. E. VREDENBREGT, M. DOERY, T. BERGEMAN and
H. METCALF, SUNY Stony Brook -- We report theoretical velocity
disg‘ributions for sub-Doppler laser cooling of metastable
He (23S), calculated with the Density Matrix D and Monte Carlo
Wavefunction 2% approaches. For low-field (B = 50 mG)
magnetic-field induced laser cooling on the 23§ » (3P, J = 2)
transition (A = 1083 nm), we get a narrow, sub-Doppler
structure, consisting of three, ~1 photon recoil wide peaks,
spaced ~1 recoil apart. With increasing field, this three-peak
structure develops into two velocity-selective resonance (VSR)
peaks, each ~2 recoils wide. For the 23§ » (3°P, J = 2)
transition (A = 389 nm), VSR peaks are predicted to appear at
low field without the third, central peak, which only develops
at higher field (B = 200 mG). Additional computations deal with
polarization-gradient cooling. In general, we find that for one-
dimensional cooling calculations, the Density Matrix method :s
more efficient than the Monte Carlo Wavefunction approach.
Experiments are currently under way to test the results.
Supported by NSF, ONR, AFOSR and CNSF,
1) Y. Castin, J. Dalibard and C. Cohen-Tannoudji, Proceedings
LIKE, Eds. L. Moi et al. (ETS Editrice, Pisa, 1990) pg. §
2) J. Dalibard, et al., Phys. Rev. Lett. 68 (1192) 580
3) R. Dum, P. Zoller and H. Ritsch, Phys. Rev. A4S (1992) 4879
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DARK STATES AND LASER COOLING

R. Gupta, S. Padua, C. Xie, M. Widmer, M-J. Bellanca,
H. Batelaan, E. Vredenbregt, and H. Metcalf

PHYSICS DEPT. STATE UNIVERSITY OF NEW YORK, STONY BROOK, NY 11790

L Introduction. We present the results of a scries of one-dimensional laser cooling
experiments where atomic dark states play an important role. In some cases the atoms are
removed from the dark states, and this process is vital to the cooling mechanism. In other
cases the dark states are velocity dependent, and thus atoms in such states arc “ce'd" by
virtue of their narrow velocity distributivn. Al the experiments are done in a one-dimen-
sional standing wave at sufficiently low intensity and large detuning that the excited
state population is small. The laser beams are crossed by ar atomic beam that is cooled in
its transverse direction by its interaction with the light field.

We define a generic dark state as a stationary state of the Hamiltonian # that can not
be excited by the light field. 3 must include the atom-light interaction as well as the
kinetic energy of the atomic motion. In principle, atoms in a dark state couid be detected
by magnetic deflection or by excitation from a probe laser beam not included in R,

ILL Transient Laser Cooling. In the first of the four studies reported here, we
consider cooling in the non-steady state case. The optical Bloch equations cannot be
solved by setting dp/dt = O as is usually done, because pow atoms are quickly pumped into
uncoupled ground states (c.g. alkali hfs{ at a rate yp. Even in the shon optical pumping
time 1/yp, atoms are subject to the conservative force from the light shift potential
(calculated by adiabatically eliminating the excited state). Its sinusoidal spatial depen-
dence, together with optical pumping to the dark state, can be exploiied to reduce the
average KE of the atoms.

We consider the case of 3 blue-tuned laser field whose light shift is positive. Atoms
that enter in the antinodes are quickl‘gupum to the dark state by the high intensity
light before there is enough time for their to change significantly. By contrast, atoms

that enter in the nodes wmust travel to a higher intensity region before the m:edpumped.
and in doing 50 must work against the positive light shift and therefore be slowed. ‘Thus
on the average atoms are slowed, and cooled. For red tuned light the atoms are heated.

Once pumped to the dark staie, the cooled atoms are unperturbed by either the conservative

IL2. Yelncity Seleclive Coherent Population Irapping. (VSCPT) In some ements
of polarization and atomic angular momentum, atoms irradiated by light beams of different
izations may be optically pumped to a coherent darh state. This occurs if the light
are resonant with a Raman transition to provide coherence. For a degenerate pair of
ground state sublevels, the two light beams must have the same frequency in the atomic




frame. When they also have the same frequency in the lab frame, then only atoms with <v> -
0 in a coherent superposition states of v = thk can populate the dark state. Moving atoms
will see opposite Doppler shifts of the two laser beams so the Raman resonance ccadition is
not fulfilled unless the atomic energies (inclading KE) are appropriaiely split. For cases
studied up to now, the dark state can only be reached by a random walk in momentum space
(associated with spontaneous emission) with steps of size hk. Thus the rate of populating
the dark state is quite small.

Recently two groups have suggested that the polarization scheme lin < lin at 45Y can
both produce dark states and provide polarization gradient cooling into them We have
observed the dramatically increased rate of populating these states in the J = 1 » 1 tran-
sition of metastable He. This has enormous proinise ior production of diffraction limited
atomic beams (limited only by their deBroglie wavelength). We are now studying this effect
for quantitative comparison with theory.

The Simplest Angular Momentum Scheme for Sub- Laser Cooling. (SDLC) All
the polarization gradient and magnetic mixing schemes of SDI.C require multiple ground state
sublevels and optical pumping among them. The natural question to ask is "What is the sim-
plest possible level structure that permits all types of SDLC?" For realisdc situations,
this "hydrogen atom of SDLC" is an Fp = 1 » Fe = 0 transiticn. Such a system always has
dark states in 1-D, although the choic% of basis determines their composition from the Mf
siates. In a pure standing wave there are always two dark states, but in a polarization
gradient there is only one. Atoms pumped inrto these may be rcleased frrm them by an
appropriate B field.

We have demonstrated all the different types of SDLC in this system using 87Rb. These
include lin 4 lin and ot - ¢~ polarization gradients in a2 B fizsld to empty the dark states.
The B field must not be parallel to any polarization axes, and must be strong enough to
define the quantization axis. All these experiments can be described by a Sisyphus picture
of cooling to v = 0. Furthermore, we have observed several examples of SDLC to a non-zero
velocity proportional to |B| using velocity selective Raman resonances (VSR). All our F =
1 « 0 experiments can be described in the momentum exchange picture of VSR.

IL.4. Two Frequency SDLC. Selection rules for the F = 1 » 0 excitation do not allow
decay to a gark hfs state, so re-pumping is not necessary, but this is not so for all exci-
tations. In ©°Rb we used two frequencies of light generated by an EOM and tuned to couple
the hfs ground states via Raman resonance. When the nodes of the two standing waves coin-
cide, there is only Doppler cooling. However, when the nodes are separated by A/4 there is
another type of Sisyphus cooling with both lasers tuned blue of resonance, or heating with
red tuning. We have measured the dependence of the cooling efficiency on this spatial
phase shift and found it sinusoidal, as expected. Furthermore, we also observed VSR peaks
that shift linearly with the detuning from resonance in this configuration.

When the two lasers have opposite detuning, one red and one blue, a deflection force
appears that does not change sign with velocity. We measured the velocity dependence and
?pml:e range of this optical rectification force and found it to be consistent with a

mple model.

UL Conclusion, In sections II.1 and 1.2 we described experiments where atoms are
pumped into dark states, and in 11.3 and 11.4 we described experiments where dark states
were emptied by a B field or by light of a different frequency. In each example atoms were
cooled below the Doppler temperature (to the recoil limit in VSCPT). In all cases there is
a conservative force from the spatially var{’ing light shift potential, and this is mani-
pulated into a dissipative force by the irreversible process of spontaneous decay.

Supported by N.S.F., O.N.R., and A.F.O.S.R.
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Beam profile flattener for Gaussian beams

C. Xie, R. Gupta, and H. Metcalf
Department of Physics, State University of New York at Stony Brook, Stony Brook, New York 11790

Received September 8, 1992

We describe a novel technique to make s Gaussian laser beam profile spatially flat. We exploit the angular
dependence of the transmission of an étalon to tailor the apatial profile to the desired form. A simple analysis
shows why our method works so well and how an étalon could be tuned to give the optimum results at all
wavelengths. This technique has enormous advantages over other methods.

The output beams of most lasers are not spatially
uniform because the resonant modes of their op-
tical cavities have Gaussian profiles. The output
beams of single-mode lasers are usually in the fun-
damental TEMy mode that has a Gaussian spatial
profile. Since a number of experiments require a
flat spatial beam profile, it is important to be able
to transform to this kind of laser beam, and several
techniques for converting these Gaussian beams to
others that have flatter profiles have been developed.
We demonstrate a new but relatively simple approach
that bas the advantages of being highly efficient,
quite tiexible, and low cost.

There are at least two obvious ways to perform this
task. One is to block all but the central region of
the laser beam with a smal! aperture. The resulting
beam intensity has a central maximum and decreases
toward the edge, but the decrease is not significant if
the aperture size is small compared with the Gauss-
ian beam half-width. The advantages of this method
ave its low cost and ease of implementation. The
principal disadvantage of this method is the loss
of light. In order to have the intensity difference
between the center and the edge be less than 5%,
the aperture can only transmit less than §% of the
total beam power. Another disadvantage arises from
diffraction by the aperture's edges; the experimental
region must not be separated from the aperture by
too many times its diameter, or imaging optics must
be employed.

Another way is to use a filter whose transmis-
sion is not spatially uniform. Consider a nonuniform
tilter whose transmission T\r) increases from some
value 8 < 1 at the center (r = () to unity st some
diatance r. from .he centar. We define GAr) as a
Gaussian rufile of chara~teristic width wy and let the
transmission vary s I(r) = B/G4r) for r < r,, where
Gdr.) = B.and 1(r) = 1 for r > r.. The profile of a
Gaussian laser beam of waist w;, = w, trrasmitted by
such a filter is uniform over the regio:: irom r = 0
tor.. For 8 =1, r. =0, and the pcws of such &
beam is zero, but for B = 1/e*, this area extends
until 7. = w,. The intensity in the uniform part of
the be»m profile is A times smalle: than the peak
iniensity of the original Gau~sian beam, and the
total power transmitted in the flat profile region is
~fin(B) times the iaser beam power.

Such a filter overcomes the great loss of laser
power that occurs when one uses an aperture as
described above, but there are at least three severe
disadvantages to this method of beam profile flat-
tening. First, although such filters are commercially
avgilable, they are expensive and usually custom
made. Second, it is necessary to choose a filter for
a particular value of 8 and w; and then match the
laser beam waist to the filter. Any flexibility would
demand an assortment of such filters. Third, mount-
ing and alignment of the filter is quite critical; it must
be centered precisely on the laser beam.

We have developed a beam profile flattening scheme
that has many of the advantages of both of these
methods without their disadvantages. We exploit
the angular dependence of the transmission charac-
teristic of a thin Fabry-Perot étalon to tailor the
spatial profile of the beam as desired. Transmission
of a nonparallel beam through an étalon gives the
familiar bull's-eye pattern similar t¢ Newton's rings.
With the proper choice of various parameters, the
central region can have transmission 8 < latr = 0,
and its increase toward the first bright ring at r = r,
can vary nearly as B/GAr).

For a parallel beam of light whose wavelength is
A in air incident at angle 6, the transmission in air
of a solid étalon of thickness d, reflectivity R, and
refractive index n' is'

1

1) = I Fantara)’

where o = 4wn'd cos 6'/Amacos §', Fw 4R/(1 -
R), and n'sin §' = ain 8. This function is plotted
in Fig. 1. At the center, where §' = ¢ = 0, the
transmission B is given by 1/8 = 1 + F sin*(a/2),
and B <1 us expected.

For a tunabls laser in an application where the
laser frequency is not crucial, the frequency can be
adjusted for selection of any chosen value of 8. For
an étalon ~) mm thick, @ = 4wn'd/A ~ 10', 80 &
shift of only a few gigahertz can vary (1 - 8) by a
factor of 3 or more. In a spectroscopy experiment
where the laser frequency is constrained by atomic
resonances, the value of 8 can inatead be adjusted by
varying d or n'. It is particularly convenient to use
an air-spaced étalon that can be tuned by varying d
with piezoelectric elements. On the other hand, a

1
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Fig. 1. Angular dependence of the transmission of a
Fabry-Perot étalon.

solid étalon can be tuned by varying its temperature,
which changes ¢ through both n’ and d.2* For an
étalon of modest reflectivity (F ~ 3), 8 can be varied
by 0.5 by a change of just a few degrees Celsius.

To calculate the effect of the filter function T(§’)
on a diverging or converging Gaussian laser beam,
we note that because a is so large, the lowest-order
region requires only a small divergence angle. Thus
we can restrict our attention to ' << 1, expand cos #’,
and keep only the first two terms. We write

2 sin*(a/2) = 1 - cos(a cos 6')
=1 - cosfa(l — 6%/2 +..))]

= 1 — cos(a)cos(ad’?/2)
- sin{(a)sin(ad?/2) + .... (2)

Even though a ~ 10*, a#" varies between 0 and 27,
so the approximation @6'/24 << 1 in Eq. (2) is very
well satisfied.

To see that such a filter function will efficiently flat-
ten the profile of a Gaussian beam we note that for a
diverging or converging laser beam, 8 is proportional
to the distance r from the center in a plane perpendic-
ular to the beam axis. We write r = gL, where L >>
d is the distance from the beam waist to the étalon,
and @ = n'¢’ because # << 1. We write the beam
profile as Gi(r) = G,(n’'L¢’) = exp{—2(n'L6'/w:)?), set
T(6)G,(6') = B, and expand both T(¢) and G,(8')
about 6’ = 0. We find that

1 2(pe'y + 2(pd) +
= B{1 + (F/2)[1 - cos(a)cos(ad?/2)
- sin(a)sin(a8”/2)}}, 3)

where p = n'L/w, and typically p >> 1.

Equating the 6'-independent terms gives § as dis-
cussed above, and choosing a particular spacing or
temperature sets both a and B for a given étalon
(fixed F). Comparing the next-order terms in @',
we find that the condition for cancellation of the
67 term is BaF sin(a) = 8p?, and it can be aatisfied
by varying L (and thus p) with a small telescope.
Similarly, the condition for cancellation of the 6"
term is Sa’F cos(a) = 32p*. This last condition can

be met by selecting F and modifying the étalon spac-
ing or temperature accordingly to maintain the de-
sired a. The two conditions m;uher require that
cos{a) = F/(F + 2). Keeping terms in 6" in Eq. (2)
does not dunge these conclusions but only causes
small changes in the numerical factors. Figure 2
shows plots of the function T\r)Gi(r) for a range of

" ‘11" .
S A S

B's. Of course, the choice of which parameter (T, p,
or i} to cancel which term in ¢’ can be made in any
order, and F could be used, for example, to choose 8.

This system has several obvious advantages over
previously used beam-flattening methods. First, it
allows maximum flexibility for the use of the avail-
able power and still achieves extraordinary unifor-
mity across the beam profile, as shown in Fig. 2.
Second, it is easily adjustable for beams of different
sizes., The angular divergence is simply adjusted
with a small Galilean telescope. No centering of
the beam or the étalon is needed. Third, its cost
is much lower than that of most available Gaussian
filters, and suitable étalons are widely available. By
contrast, it has two notable disadvantages. First, 8
is frequency dependent, and in a scanned frequency
spectroscopy experiment, the étalon spacing or tem-
perature would have to be tuned with the laser. In
addition, there might be some problems with multi-
mode lasers, but since typical mode separations are
a few hundred megahertz, the effect on 8 should
be small. Second, light that is not transmitted by
the étalon is reflected back to the laser, where such
feedback may cause stability problems.

In our experiments, we use diode-laser light to
excite atoms in an atomic beam. We need a rect-
angular beam of light that is uniform only along
the atomic beam direction. Furthermore, we can
afford to have absolutely no reflection back to the
laser because diode lasers are extremely sensitive
to tiny amounts of feedback. Fortunately the étalon
filter described above offers solutions to both of these
problems by using higher orders of the étalon for
beam profile flattening. In this case, the beam is
diverging in only one dimension, and the étalon is
tilted to some few-degree angle 6, with respect to
the laser beam. Thus the transmission pattern is
a series of unequally spaced parallel stripes instead
of rings, and we work in one of the outer stripes.
Of course, the range of angles ¢’ about 6, is still
restricted to allow sin(e/2) to range over less than
one cycle.

This scheme offers two additional advantages over
the zero-order method described above. First, the
choice of 8, offers yet another free parameter to help
flatten the beam profile. For example, 6, can be var-
ied to maintain 8 in a frequency-swept spectroscopy
experiment. Second, light not transmitted by the

p

T
‘e -~
.

»
i'.- ¢ 1a) \
»

fetative fatrnsity
-
-y
\.
T
3
-

-
L4
-
J// ]
PRE PO Y TR &

(U
radiiaee ¥ OB " N I 3

Moalvd v aes As b

Fig. 2. Calculated transmitted profile of a Gaussian
beam by a solid étalon for several different values of 8.
Here B is varied by choosing R to be 10% (curve (a)), 30%
{curve (b)), and 50% (curve (c)}.
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Fig. 3. Calculated transmitted profile of a Gaussian
beam in one dimension by a solid étalon in third order
(third ring). Curve (a) shows the transmission function,
curve (b) shows the Gaussian profile, and curve (c) is their
product.
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Fig. 4. (a) Measured and (b) calculated spatial profiles
of a diode-laser beam using our solid étalon.

étalon is reflected, and the spatial profile of the light
beam reflected out at angle 26, has a strong central
intensity maximum that can be easily injected into
a fiber and/or used for laser diagnostics such as sat-
urated absorption for laser frequency locking. Note
that this scheme flattens the beam profile in only one
dimension instead of two, but that is precisely what
is needed for exciting atoms in a beam that crosses
the laser beam,

The few center stripes of the transmission pat-
tern are rather asymmetrical about their minima
{Fig. 1), but the next few are quite satisfactory, both
because their asymmetry is relatively small and be-

~ cause they are not so tiny that they are difficult to

use. Expansion about §' = 6,/n' instead of 6’ = 0 is

“stralghtforward, but in that case 8 is determined by
_Finsterd of being a free parameter. The expansion

is not discussed here, but the results of numerical
calculations are presented in Fig. 3.

We have measured the flaitened beam profiles pro-
duced this way for several different laser and étalon
parameters and present the results in Fig. 4. In
all cases, the expsrimental curves in Fig. 4(a) are
in excellent agreement with the calculated curves
in Fig. 4b). The most striking aspect of Fig. 4 is
not the good agreement between the measured and
calculated beam profiles but just how flat the profiles
can be made with this simple device. By chang-
ing the angle of the étalon, one can tailor a profile
that is very flat from one end to vae other. The
slight asymmetry introduced by the asymmetry of the
transmission cuive can be partially compensated by a
slight additional tilt and can be minimized by using
a higher-order transmission curve. We found that,
over a wide range of values of B, typically 40% of
the laser beam power could be in the top-hat.shaped
profile this way.

All the measurements were done with a Sharp
LT021 5-mW semiconductor laser operating at 780
nm at room temperature. The solid étalon was =0.6
mm thick and coated for R = 30% at A = 800 nm.
The spatial profile was scanned with a photodiode by
using a 100-um slit mounted in front of it.

In summary, we have demonstrated an extremely
flexible, efficient, and low-cost technique to make a
Gaussian laser beam profile spatially flat by exploit-
ing the angular dependence of the transmission of an
étalon. The method can be easily scaled up to high-
power lasers for industrial cutting and welding and
scaled down to miniature devices for printers, com-
munications, and medical diagnostics and treatment.
It can be used in the UV for curing, photolithography,
and semiconductor processing and in the IR for heat-
ing. 1t is applicable to any Gaussian beam but may
be especially useful with diode lasers that have dif-
ferent angular divergences in two dimensions. One
could also imagine using the spatially dependent light
shift of atoms traveling through the ring pattern as a
Fresnel lens for focusing the atoms. One future topic
for study is the long-distance propagation of the sub-
Gaussian transmitted beam and the super-Gaussian
reflected beam. We have calculated that the phase
fronts of the flat profile region are quite uniform and
thus expect this portion of the beam to propagate as
a plane wave over a long distance.

This research was supported by the National Sci-
ence Foundation, the U.S. Office of Naval Research,
and the U.S. Air Force Office of Scientific Research.
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We obeerved a new type of sub-Doppler cooling that employs neither polarization gradients nor mag-
netic fields, and involves neither a damping force nor significant diffusive heating. Instead, light shifts
combined with optical pumpiag (OP) 1o levels not coupled by the laser field gives transient cooling, and
steady state is not achieved. The time scale is set by the OP rate. We observe both cooling and heating,
but often with the opposite detuning from that of steady state. A semiclassical and a fully quantum
mechanical calculation of transient cooling agree very well with one another and with our data.

PACS aumbers: 32.80.Pj

Laser cooling of meutral atoms requires velocity-
dependent optical forces that arise from the motion of an
atom in a nearly resonant light field. If the selection
rules require that excited atoms spontaneously decay to
only the initial state, the velocity-dependent interaction
arises from the Doppler shift of the laser-driven transi-
tion. In this case one readily calculates a minimum
achicvable temperature called the Doppler limit, Tp
=} y/2ky, where t®1/y is the excited-state lifetime [1).
By contrast, if the ground state has multiple sublevels ac-
cessible from the excited state, much lower temperatures
are achievable [2-4]. The transitions from these sublev-
¢ls may be driven by different polarizations, and thus
sub-Doppler temperatures are often associated with po-
larization gradients. The cooling force derives from the
failure of the internal state of moving atoms to follow
adiabatically the changing optical environment of a spa-
tially inhomogencous optical field, such as that produced
by light beams of different polarizations.

For slow enough atomic velocities, however, this non-
adiabatic part of the force is small compared with the
velocity-independent force that derives from the spatially
varying light shifts of the atoms. In & standing wave, this
conservative force produces channels that can strongly
influence atomic motion or even confine atoms in A/2 size
regions [3,6]. Furthermore, spontancous decay in a
standing wave can provide the irreversible process needed
to produce a dissipative force that cools atoms 17).

We report here a theoretical and experimental study of
sub-Dopoier atom cooling achieved by transient effects of
laser excitation. We have found that cooling and heating
can occur when the atom gocs through only a few opti-
cal pumping (OP) cycles, but often with opposite de-
tuning from that of steady-state situations. In most other
types of sub-Doppler laser cooling, a damping force
F=—1:(p¥#) can be computed from the stzady-state
solution of the optical Bloch equations for the density ma-
trix p. This is appropriate because the laser cooling pro-
cesses generally continue for times long compared with
OP transients. In transient laser cooling, the time scale is
set by the OP rate to a ground state that is not coupled to
an excited state by the laser field (“dark state™) so0
steady-state solutions are inappropriate and a damping

© 1993 The American Physical Society

force cannot be defined (8],

For an intuitive understanding of how transient cooling
works, consider the conservative motion of atoms that
enter a standing-wave field nearly transverse to its k vec-
tors, but with a small velocity component v, of a few cm/s
parallel to k=kZ. Such atoms experience a spatially
varying light shift potential U(z) =Uysin?(kz) that pro-
duces a sinusoidal force. (Uy takes the sign of the detun-
NG S Qgper = Wgiom aNd is proportional to the intensity at
fow intensity.) '

The atoms experience this force until they are optically
pumped to a dark state. Since the OP rate 7,(z)=y,
xsin2(kz) vanishes at the nodes, OP is slower for atoms
that enter the standing wave near a node, and thus the
average kinetic energy (KE) change is greater for such
atoms. For §> 0, more KE is iost by atoms moving away
from a node than gained by atoms moving away from an
antinode, so on average atoms lose KE {Fig. 1(a)} and
conversely for & <O {Fig. 1(b)]. This contrasts with oth-
er types of cooling where the optical force may either
heat or cool the atoms depending on both the angular
momentum scheme (Fy—F,) and the detuning: Here
& > 0 always gives cooling.

We have performed classical trajectory calculations
based on the above model by integrating the equation
mi=kUgsin(2kz). For initial conditions we choose vo
and 2 distributed uniformly in the intervals {—30,30)
cm/s and {0,1/2), respectively. In the weak excitation ap-
proximation, the upper state can be neglected, and the
ground-state potential amplitude Up=2AsCS/L, where
s=I/lq is the laser satusation parameter, C is the
strength of a particular transition, and L =1+ (26/y)3
The saturation intensity for the strongest component of
this transition (C=1) is J@=hc/A e 21,6 mW/em? in
Rb, where ¢ = /ya 27 ns.

From the solution 2(¢) to these equations of motion we
find the OP rate 7,(t) =, sin2[kz (1)), where §,=2sC
% By/(L+3sC) and B is the branching ratio to the dark
states. Then the probability of OP between ¢ and 1+ dt is
P(Ddt =y, () expl = fby,(')dr')dr. -The peimitive of
P(1) is then inverted to find a distribution of pumping
times. A Monte Carlg approach uses these pumping
times to terminate the classical motion, and the resulting
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FIG. 1. (a) The light shift potential and optical pumping
scheme for §> 0. Atoms eatering near a node travel further
before OP, and therefore lose more KE than atoms entering
ncar an sntinode, which travel a shorter distance before OP.
{b) Similar to (a), but for § <0 atoms gain more KE than they
lose. (c) Velocity distributions found from the semiclassical
calculation (dots) for the transition shown in the inset. Here
£+=0.66 and 8= +12 MHz (as in Fig. 3). “Snapshots™ of the
velocity distribution are made at times 3, 6, and 9 us. The solid
lines show the results of quantum mechanical calculstions for
the same conditions. (d) Similar to (c) but for 8=~ 12 MHz.
Inset: One of the simplest level schemes for transient cooling,
Fy=i~ F, =0 with o* excitation.

velocity distribution is calculated.

We have applied this approach to the simplest atomic
scheme of the classical scheme above, an F=1— 0 tran-
sition with o* excitation, shown in Fig. | (inset). Re-
sults of these calculations are shown in Figs. 1(c) and
1(d) (dots). The sharp features in Fig. 1(d) for §<0
occur at sistionary points where Eya=Ug It is clear
that this simple madel of trarsient laser interactions gives
cooling for blue detuning and heating for red detuning for
this F =] — 0 transition.

Figures 1(c) and 1(d) also sihow remarkable agreement
between the clasi» al results and results of a fully quan-
tum mechanical calculation including the excited state
explicitly (colid lines). The sharp cooling and heating
features in the classical results are smoothed in the quan-
tum results. We attribute this to neglect of the unoer-
tainty in position and of recoil in the classical calculation.

We can estimate the velocity capture range of transient
blue cooling for atoms that move freely without being
channeled between the planes of the standing waves. The
probability of OP in time 1, is P(1,)=fo'y,(2)dt for
P11, To find the mean distance 2y from a node
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where OP occurs, we use dr =dz /v, and set

J;"lr,(:)/v,ldz -J::m(r,(z Wv,ldz .

For E > 2U,, the variation of v, with 2 has little effect on
2, %0 it comes out of the integrals, and we find
sin?(kz;) =0.83. Thus atoms undergo OP from a posi-
tion where their average light shift (potential energy) is
=~ $ Uy, and since their initial spatial distribution was
uniform so their averege initial potential energy was
Ud/2, the average total energy change is AE ~ —Ud/3.
This is a mechanical energy loss for Uo> 0 (5> 0) and a
gain for Up<0(5<0). This process does not make a
very large change in the velocity distribution for atoms
with E more than a few times Up because Acv,/v; =AE/
2E~ —Uo/6E. This estimate of the capture velocity is
consistent with the detailed computational results of Fig.
| and with the data.

In this transient cooling process, the final velocity dis-
tribution does not result from competition between a
steady-state damping force and diffusive heating. Instead
we find the changes in KE are bounded by Uo The
widths of the cooling peaks (and heating dips) in the
measured velocity distributions decrease with intensity so
that widths substantially below the Doppler limit are at-
tainsble, as shown by our measurements.

The experiments use a thermal beam of natural Rb
produced by an oven at T~150°C with horizontal slit
aperture 0.06 mm high by 2 mm wide, and a vertical
beam defining slit 2 mm high by 0.06 mm wide about 35
cm away [9). The atoms emerge from the verticai slit in
a fan-shaped beam and then interact with a pair of coun-
terpropagating laser beams transverse to the atomic beam
axis. The nearly flat atomic beam profile is measured
with a scanning hot platinum-tungsten wire, 25 pm in di-
ameter, 1.3 m away from the region of interaction with
the laset beam. Three square Helmholtz coil pairs cancel
the Earth's ficld.

A 35 mW Sharp LTO2S diode laser is locked at the
55— SP transition of Rb near A =780 nm by saturated
absorption in a vapor ccll at room temperature. The spa-
tial intensity profile of the 23 mm long %5 mm high laser
beam is flattened to a few percent by a tilted etalon [10).
For thermal velocity atoms (F~350 m/s) the average in-
teraction time is 63 us. The turn-on and turn-off edges of
the light field are sharpened by an aperture and
diffraction limited to about 0.3 mm, corresponding to an
entrance and exit time of <1 us for atoms at thermal ve-
locity. For most experimental conditions, the OP time is
longer than | us.

in order to explore the phenomena sketched above, we
have measured the transverse velocity distribution of our
atomic beam after it passes through the circularly polar-
ized standing wave in zero magnetic field. For the
Fy ™| — F,=2 transition of *'Rb (dashed line in Fig. 2),
OP to the dark state F; =2 is allowed. Figure 3(a) shows
clear evidence of oooling for light detuned blue by
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F1G. 2. The hyperfine encrgy level acheme of the Rb isotopes
showing transitions of interest in this paper.

&=+12 MHz (a2y) from this transition, and Fig. 3(b)
shows heating for §=—12 MHz. This demonstration of
blue cooling (sub-Doppler) and red heating appears in all
our data for all the allowed transitions of Fig. 2.

Figure 3(a) shows significant blue cooling even with s
lowered to ~0.066 by a neutral density (ND =2) filter.
At this intensity, the average OP time f,%1/7,, found by
averaging 7, over a wavelength and over the various tran-
sitions, is 64 us. (Typically, 7,/7, ranges from 2 to 4.)
This is fortuitously close to the average 63 us interaction
time for atoms in our thermal beam. When the interac-
tion region is shortened from the 23 mm of Fig. 3(a) to
only 1.4 mm, corresponding to an average interaction
time of only 4 us, there is still clear evidence of cooling
on the blue side for s 6.6,

Excitation of *Rb on the F;=2— F,=1 transition
(solid line of Fig. 2) presents a close analog to the F;
=|— F, =0 model discussed above, because the F,=1
state cannot decay to Fy=3. However, OP can occur to
the Fg=2, Mr=+1 and +2 magnetic sublevels, which
are “dark” in our o* light. The low intensity data near
the top of Fig. 4(a) clearly show cooling signals with o*
light detuned +6 MHz blue of this Fg=2— F,=1 tran-
sition. At the lowest intensity of Fig. 4(a) (top trace),
Uo/h is only 11 kHz so the expected change in the veloci-
ty of an atom is less than the recoil velocity Ak/M, the
transient cooling effects are washed out by the momen-
tum changes from the random direction of spontaneous
emission.

At higher intensity, a second phenomenon appears.
Light tuned 6 MHz blue of this Fy=2— F, =1 tnansi-
tion of “Rb is also 23 MHz red of the Fy =2~ F, =2
transition (dotted line of Fig. 2). Although atoms opti-
cally pumped 10 the (Fg, Af¢) =(2,1) sublevel cannot be
excited to F, = | with @™ light, there is an allowed transi-
tion to the (F,,Mr)=(2,2) sudlevel. Since this state can
decay to the F, =3 dark state (wiggly line in Fig. 2),
transient effocts can occur. Using ¥, calculated as be-
fore, we find the rate for this further off-resonant transi-
tion to be significant only at high enough intensity. This
slower process involves light tuned red of resonance, 50 it
heats instead of cools the atoms as shown in the high in-
tensity traces of Fig. 4(a). The data of Fig. 4(a) clearly
show a change from cooling to heating as s increases
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FIG. 3. (a) Measured atomic beam profiles for circularly po-
larized light tuned 12 MHz blue of the Fy=1— F, ™2 transi-
tion of Rb. The intensities are 0.1, 0.3, 1.0, 3.0, and 10
mW/cm? (bottom to top), and the saturation intensities for the
three magnetic components sre 19.2, 6.4, and 3.2 mW/cm? (3.2
for Mr=1— 2). The vertical scale’s arbitrary units sre ~1%
of the atomic beam intensity. For the mean longitudinal veloci-
ty of 350 m/s, a 37 um displacement represents | cm/s, 50 the
width of the third peak (saturation a1 for M=1—2) is 6
cm/s, corresponding to about § of the Doppler limit. (b) Simi-
lar results for iight tuned 12 MHz red of the same transition.

from 0.3 to 1.0 for our 63 us interaction time, corre-
sponding te ¥, going from 80 to 24 us.

We can also observe this phenomenon by varying the
interaction time at fixed s. Figure 4(b) shows transient
cooling on this Fy=2— F, =1 transition at short times,
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FI1G. 4. (s) Measured atomic beam profiles for circularly po-
larized light tuned 6 MHz blue of the Fy =2~ F, =| transition
of SRb. The intensitios are 10, 3.0, 1.0, 0.3, 0.16, 0.03, and
0.01 mW/cm? (bottom 10 top), and the saturation intensities for
the three componenats are 16, $.3, and 2.7 mW/em? (16 for
Mr=0—1). For the mean longitudinal velocity of 350 m/s, &
37 um displacement represeats | em/s, 0 the width of the
fourth peak is 4 cm/s, corresponding to about ¢ of the Doppler
Uimit. (b) Similar data for intsrection times of 32, 16, 8, and 4
# (bottom 1o top). Cooling becomes heating at higher intensi-
ty or longer interaction time.
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FIG. $. Velocity distributions found from the fully quantum
calculation with Fg=2, F, =3, F, =\, and F, =2 internal states
included, using sppropriate excitation and decay m. rix ele-
ments. The saturation parameter is taken to be 0.4 and the de-
tuning is 6 MHz above the F, =1 state, as for the experimental
data in Fig. 4(b). The successive curves correspond to interac-
tion umes of 4, 8, 16, and 32 us for the mast probable longitudi-
nal velocity in the beam.

but heating as the interaction time increases from 16 to
32 ps at s=0.35. In this case atoms in (F,,Mf)=(2,1)
are given enough time for excitation to Fo =2, There is
also a small but persistent and repeatable upward peak
from the bottom of the heating dip in the high intensity
data of Fig. 4(a) and in the long time data of Fig. 4(b).
It may come from the (Fy,Mr)=(2,2) atoms that are
not heated by excitation to F,=2. All the features of
Fig. 4 have also been obscrved on the Fy=1— F, =0
transition of *’Rb.

As a further illustration of this transient cooling model,
we have added a small magnetic ficld transverse to the
axis defined by the circularly polarized standing wave
(BLk). When the Larmor frequency is large enough to
precess atoms in the (Fg Mr) =(2,1) or (2,2) dark states
back to the coupled (2,0) state faster than they can be
optically pumped to the Fy =3 dark state (via F, =2, wig-
gly line in Fig. 2), the cooling persists to the higher inten-
sities shown in Fig. 3(a).

Multistate processes are difficult to model accurately
with classical trajectory calculations, but we have
developed 2 fully quantum mechanical model [11). The
change from cooling to heatiag shown in Fig. 4 provides
an opportunity for sensitive tests of such quantum me-
chanical calculations. The basis set consists of product
states of internal and external atomic coordinates [12].
The set of internai states includes typically two ground
and two excited levels 30 the calculation is not restricted
t0 low excitation rates. The external, center-of-mass
motion states are free particle wave functions, aliowing
inclusion of the recoil effect in every optical transition.
The density matrix calculated in this basis includes opti-
cal coherence (off-diagonal clements) to sufficiently high
order 0 that the cakculated velocity distribution con-
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verges. Equations for the temporal evolution of the densi-
ty matrix are obtained from the optical Bloch equations.

Figure 5 shows the results from these quantum calcula-
tions for parameters corresponding to Fig. 4(b). The ex-
perimental conditions, including the longitudinal velocity
distribution and instrumental resolution, have been care-
fully modeled. The transverse velocity distribution flips
from cooling to heating as in the experiments, but there is
an unexplained discrepancy of about a factor of 2 in the
w..ch of the final heating dip.

There are various vepumping methods that might allow
recycling of atoms for further cooling by this technique
[7). Furthermore, it can readily be extended to 2D or
maybe even 3D. Also, this technique might be applied to
atoms with a first transition in the deep ultraviolet and a
metastable state where traditional cooling techniques are
difficult to implement. For example, atomic hydrogen in
its 25 state could be cooled this way on the easily pro-
duced Balmer-a line at 656 nm. Similar possibilities exist
in singlet He, rare gases, and alkaline earth D states.

In summary, our experiments with a Rb atomic beam
and a transverse standing-wave laser field have demon-
strated a new mechanism for sub-Doppler laser cooling.
This mechanism requires no polarization gradients or
magnetic fields. It cperates on a short time scale, deter-
mined by the OP times. We have developed a theoretical
mode! with ciassical trajectories and have also applied a
fully quantum mechanical treatment. These models give
results close to each other and to the measurements.
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funded by NSF and IBM.
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Quantum calculations for 1D laser cooling:

temporal evolution

T. Bergeman

Department of Physics, State University of New York
Stony Brook, NY 11794-3800

Temporal integration of density matrix equations with quantized translational
motion gives new results for laser cooling of atoms. For polarization gradient cool-
ing, the average kinetic energy in the cold atom peak after 1,000 radiative lifetimes
decreases with increasing Fy, and is <1 recoil energy at low laser intensity. With
magnetically induced laser cooling (MILC) and low optical pumping rates, atoms
cool slowly within the potential wells, giving minima in the velocity distribution at
v=0. MILC is seen as a cyclic process; optical pumping cools and B field mixing

slightly heats.

In view of many recent advances in techniques for cooling atoms by laser light.
there is interest in theoretical methods that can address diverse experimental situa-
tions. Most of the theoretical results presented to date have been for the steady-state
limit of the cooling process. For example, semiclassical theories(1. 2] for atom cool-
ing employ a force versus velocity function and a diffusion parameter based on the
steady-state solution of the density matrix equations. The first examples of density

matrix calculations with a basis of quantized translational states {3, 4] also presented




_steady-state solutions, obtained by inverting the evolution matrix. Exceptions to
the steady-state limit are offered by quantum Monte Carlo methods, which have
successfully reproduced laser heterodyne results [5]. However, these methods have
not been extensively used for multi-level atomic transitions because of the large
number of replications needed.

In many 1D atom cooling experiments where an atomic beam traverses coun-
terpropagating laser beams, steady-state solutions are not suitable for comparisons
with experiment. For atoms that have been precooled in a 3D magneto-optic trap,
the interaction times in a 1D standing wave may indeed be adequate to achieve
steady state [6]. However, in experiments with a thermal atomic beam. the inter-
action time is typically no more than 1,000 to 2,000 r, where 7 is the excited state
radiative lifetime. The steady state limit may not be attained, particularly when
the initial velocity distribution is appreciably wider than the so-called capture ve-
locity, v.. The range of atom velocities that are effectively slowed depends on the
interaction time. Clearly a theory is needed for finite interaction times.

It will be demonstrated in this report that density matrix methods over a basis
of free particle states or of eigenfunctions of the light shift potential are capa'ble
of significant extension beyond their use as previously reported {3. 4]. By efficient
programing and the use of supercomputer technology. results have been obtained
for the temporal evolution and for higher angular momentum. The computational
techniques will be illustrated by both lin 1 lin polarization gradient cooling and
magnetically induced laser cooling ( MILC). Results will be shown for cases in which
the incremental velocity change (the recoil velocity) is not small compared with
the width of the velocity distribution. thus where semiclassical Fokker-Planck ap-
proaches would not be valid. Quantum methods will also be applied to atoms
whose kinetic energy is less than the amplitude of the periodic light shift potential.
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In this regime, the use of a constant velocity parameter in the computation of the
semiclassical force function is inappropriate.

Calculations with a free particle basis here include the excited state explicitly
{3]. The basis states, |F,mp,n >= |F,mr > exp(inkz/h), where 27 /k is the laser
wavelength, are products of internal atomic sublevels and free-particle momentum
eigenfunctions. In the evolution equation for the density matrix, & = —(i/h){H, o]+
Ovet, the Hamiltonian, H, includes the laser-atom interactions (H;) and possibly
magnetic field effects, while &, expresses the effects of spontaneous decay and
repopulation, including an average over the spatial distribution of emitted light.
Elements of H; include photon recoil explicitly. Elements of o are placed in a
column vector. z, and the coupled equations # = Wz are integrated numerically.
These computer programs have been modified to deal with transitions with AF
= -1 and 0, more than one ground and excited state hyperfine level. and spatially
nonuniforn laser intensity. In this report. however, only F — F + 1 transitions are
considered and the laser intensity is constant over the interaction region.

A full density matrix for up to £50 recoil momenta. even for a mesh spacing
of one recoil and a J = 1/2 — 3/2 transition. would have more than 3 x 10¢
elements and the evolution matrix would then have 10° elements. dowever. off-
diagonal elements with An > n,,.. are found not to affect the computed velocity
distribution. R, varies with laser intensity and detuning but is typically 6 to
12. Effectively. & becomes a band matrix of order n. In the present calculations.
there were up to 100,000 density matrix elements. The evolution matrix. W, can
be simplified by ueglecting elements less than 10-'? in magnitude. for example.
No more than 20 to 50 elements are needed in each row for the free particle basis
approach. By such means, it is possible to compute the temporal evolution to 1,000

radiative lifetimes with a basis of 65 momentum values for each F.my sublevel in




an F = 3 — 4 transition with about 2 hours of equivalent Cray XMP CPU time.

When the atoms are weakly excited, excited state elements may be eliminated
fron, the density matrix equations to obtain a periodic light shift potential for the
ground state [4]. This approach gives a useful physical picture, and for certain
applications, uses less computer time. The energy spectrum exhibits a band struc-
ture resembling that obtained for electron waves in a 1D crystal lattice. Optical
pumping, magnetic field mixing, and spontaneous emission rates are computed for
density matrix elements over the basis set of Bloch states.

Results obtained for the lin 1 lin laser configuration, in which two counterprop-
agating laser beams have orthogonal linear polarization, show that the steady-state
limit may not reliably represent cooling processes occuring over shorter interaction
times. Fig. 1 shows typical time evolution plots obtained with the free particle
basis. Here, € = Ex/AT = 6.4 x 107, as for Rb. where Ex = h%k?/2M is the recoil
energy and I is the radiative decay rate. The laser field is charactenized by the
light shift well depth. Uy = —fShe¢/L. For lin L lin cooling on an F — F +1
transition. f = [(2F + I)(F + 1) = J/{(2F + 1(F + 1)]. § = 20%/T"® where Q is the
single beam Rabi frequency. & = wigser — Watom is the detuning. and L = 1 + 46»2[. rs
{§ = 1 for laser intemsity I = he/A’r). The calculations shown in Fig. la. for
F = 1/2 — 3/2, are carnied to 100 psec.. or 3770 r. where r = 1/T. Ultimately.
the velocity distribution, P{v). does evolve into the typical form for the asymptotic
lisnig,namely a narrow Gaussian on top of a broad Gaussian [3] . However, up to 40
ps. the narrow Gaussian is flanked by two dips at the capture velocity. ve (about
16 vi herej. The time required to attain the steady state distribution depends on
the width of the initial distribution (here assumed ﬁat up to vy = 60) as well as o
the intensity and detuning. '

With lower laser intensity or wider initial distribution over v, the dips at » =
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tvc persist for longer times. The generic behavior is shown in Fig. 1b, for F =
3 — 4. To extract an average kinetic energy for atoms in the central peak, two
procedures have been used. The first assumes that the distribution for |v| < vc is
Gaussian. The velocity v,/ at 1/e of the maximum height difference then yields a
Gaussian average energy, K Eg = Mv},,/2. In the second method, one computes the
average kinetic energy, KE,, of atoms in the range |v| < vc. When the distribution
in the central peak is truly Gaussian, KE,4 = K Eg, but typically, KE4 ~ 0.TR Eg.

The variation of K Eg with laser parameters after 30 us (1,130 7 for Rb) is
shown in Figs. 2a and 2b. For the calculations shown in Fig. 2, ¢ = 6.4 x 104,

= —5T, and again the free particle basis was used. To emphasize the role of the
well depth. in Fig. 2a K Eg/U, is plotted vs. Uy/Eg. For F; = 3. the average
kinetic energy in the cold atom peak is significantly less than for F; = 1/2. Since
this trend seems to persist to longer interaction times, this may in part explain the
experimental observation that the fraction of atoms in the lowest quantum state
in experiments on ®Rb, with F, = 3, was larger than computed for F; = 1/2 [6].
One possible explanation for the lower kinetic energies with high F; is the greater
importance of Amyp = +2 coherences induced by the laser field. which prodx.we
progressively larger off-diagonal elements in the light-shift poteutial matrix. For
high F, energy bands within the potential well are broadened. making the wotion
for KE < U, more nearly like that of free particles.

For finite interaction tines and Us/Er < 100. the average kinetic energy for
atoms in the central peak is significantly below that indicated in steady-state results.
which gave a minimum of KE ~ 5Eg [4]. Here. there appears to be no minimum.
and at low intensity (Fig. 2b) NE4 < Ex. Because the amplitude of the cooling
peak is only 5 - 10% of the initial amplitude at v=0 for this regime of low Up/Ex.

such extremely cold atom distributions may be difficult to observe.
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For MILC [7, 8], the light shift potential matrix is diagonal and sinusoidal,
so the wave equation for each mr is simply a Mathieu equation. The periodic
potential basis approach is appropriate for S/L << 1. To model experiments in
which atoms move freely outside the interaction region, an initially flat distribution
over free particle states is projected onto the periodic state basis. After computing
the evolution to tiraes ¢;, the distribution over the periodic state basis is projected
back onto the free particle basis. Tr(c) decreases by a few percent over typical
interaction times because the total optical pumping rate out of any quantum basis
state is greater than the repopulation terms from this level summed over any finite
set of basis states. Results from the periodic potential basis states and free particle
basis states are very similar for weak excitation.

The temporal behavior computed for MILC exhibits a new feature associated
with the localization of atoms in the standing wave. In MILC, the counterpropa-
gating laser beams have identical circular polarization and the light shift potential
maxima and minima for different my sublevels are spatially in phase. A transverse
magnetic field mixes different my sublevels. Zeeman mixing occurs most effectively
at the nodes of the laser standing wave, where the potentials are degenerate. (Ni;xg'
netic field mixing serves the same function as the polarization gradient in lin L lin
cooling.) With red detuning, when the final kinetic energy is less than the depth
of the light shift potential wells in MILC, atoms in the ground state cannot tra-
verse the potential peaks at the nodes, the magnetic field mixing is suppressed, and
the cooling rate slows. Although the asymptotic velocity distribution may still be
searly Gaussian, over very extended times there is a deficiency of the coldest atowms.
The velocity distribution exhibits a flattened top, or even a miimum at v = 0. Fig.
3 shows this effect in the velocity distribution for F; = 1/2 (in Fig. 3a-c) and for
F, = 3 (in Fig. 3d). In MILC, the effective optical pumping raie, I', = 25T/L,
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and Uy = —2Sh3$/L. In Fig. 3a and 3¢, AT, = Uy. When k', is small compared
with Uy, as in Fig. 3b and 3d for which AT, = U,/20, the minimum in P(v) at
v = 0 is more persistent. Fig 4a and 4b show distributions over the states in the
periodic potential corresponding to the P(v) distributions shown in Figs. 3a and
3b. The energies of these states are shown at the top of Fig. 4. Below the potential
maxima, Uy/h = 1 MHz here, there are quasi-discrete states, while for E > Uy, the
gaps between the bands are narrow. Although cooling increases the population of
the states lying below Uy, the population of the lowest states increases very slowly,
particularly when AT, < Up.

For stationary states in the light shift potential, the explanations for sub-
Doppler laser cooling derived from semiclassical models [2] do not apply. A damping
force does not explicitly enter the present calculations. In the quantum represen-
tation, cooling occurs because of preferential optical pumping out of higher-lying
states into lower-lying states. The way this works in MILC is shown in very schemat-
ically in Fig. 5 for states in the light shift pctential. Energy bands are shown in
columns for mg = ~1/2 (left of each transition pair) and for mg = 1/2 (right of
each pair). The magnetic field and the laser interactions redistribute the pol')u-
lations over this basis set. The widths of the arrows indicate the relative optical
pumping rates or B-field mixing coefficients from various initial states. Not shown
is the much slower process of diffusive heating in Amr = ( excitation and decay. In
the optical pumping process, on average the emitted photon takes away more energy
than is added by the absorbed laser photon. This is due in part to the difference in
the mg = £1/2 potential minima. In addition, optical pumping favors final states
localized at the antinodes, namely the lower-lying states for red detuning. On the
other hand, the magnetic field does not vary spatially over the interaction regiun. so

the redistribution by the magnetic field is not so sharply peaked at An = 0. These




. processes constitute a cooling cycle. The reduction of energy in the Amp = 1 opti-
cal pumping part of the cycle is greater than the increase of energy that occurs in
Amp = —1 magnetic field mixing and in Amp = 0 diffusive heating.

Comparisons of the results present above with experiment are obviously of great
interest. From preliminary results (9], it appears that the lin L lin results are in
good agreement with experiment on Rb and also that results for MILC agree well
with experiments on He 235 [10]. However, experimental cooling peaks observed for
certain MILC experiments with Rb 9] are narrower, without the dip at v=0 found
above. One possible explanation is that the optical wavefronts in the apparatus used
for Rb are not ideal, and trapping in the light shift wells occurs less than in the
calculations. These comparisons and comparisons with semiclassical calculations
will be discussed in future publications.

This work was supported by NSF, ONR, and AFOSR. I am indebted to H.
Metcalf J. Dalibard, R. Gupta. E. Vredenbregt. M. Doery, and other colleagues
for valuable discussions. Computing time was provided by the Cornell National

Supercomputing Facility, which is funded by NSF and IBM.
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FIGURES

FIG.1. Time evolution of lin L lin laser cooling with Rb atoms (7 = 26.5 ns). (Top)
Detuning = - T, time interval between traces = 10 us. (Bottom) Detuning = -5 T, time

interval = 3 us.

FIG. 2. Average kinetic energies after lin L lin cooling of Rb atoms for 30 us. (1130

7). See text for definition of KEg, K E4, and Up.

FIG.3. Calculated free particle velocity distributions with MILC for atoms with recoil
energy 3.85 kHz, r = 26.5 ns (as for Rb) for interaction time intervals of 5 us (solid lines)
and 50 ps (dashed lines) for a) B = 5 uT,5 =042, 6= -T,b) B =5 uT,S = 667,46 =
20T, c)B =2 uT,S = 0083, and § = -T, and d) B = 7.5 uT, §=6.86, 6 = -20 . The

initial velocity distribution is flat to £50VR.

FIG. 4. Calculated populations of the eigenstates of the periodic light shift potential
for cases shown in Fig. 2a (top) and 2b (bottom). The well depth Ug/h = 1 MHz in each
case. The time intervals are 0.3 us (short dashed lines), 5 us (solid lines), and 50 us (long
dashes). All levels initially have a population of 1 on this scale, and subsequently mp =
1/2 levels become more populated, while mr = -1/2 levels fall below 1. Band energies are

displayed at the top. The distribution is non-Maxwellian for an extended time.

FIG. 5. B field mixing coefficients and Amp = 1 optical pumping rates between

10




quantum levels in the periodic light shift potential, for an F = 1/2 = F = 3/2 ¢* optical
transition. Energy levels below the potential maxima (at 1 MHz in this case) and bands are
shown for mg = ~1/2 (left in each transition pair) and for mp = 1/2 (to the right in each
pair). The width of each arrow is proportional to the magnitude of the mixing coefficient

or the optical pumping rate.
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THE SIMPLEST ATOMIC SYSTEM FOR SUB-DOPPLER LASER COOLING®
R. Gupta, S. Padua, C. Xie, H. Batelaan, and H. Metcalf

Physics Dept., SUNY Stony Brook, NY 11790

ABSTRACT

Sub-Doppler laser cooling requires optical pumping among different-
ly light shifted ground state sublevels. In this paper we describe
a study of the simplest possible angular momentum configuration
that allow all sub-Doppler cooling phenomena. The Jg = 1eJeg=0
angular momentum configuration siwws recoil-limited cooling in the
two most well-known types of polarization gradients, magnetically
induced laser cooling, velocity -ulcctiv. resonances, transient

cooling, and velocity selsctive population trapping.

PACS Numbers: 32..0.’3. 42.50.VXk
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I. Introduction

In all cases of sub-Doppler laser cooling (SDLC) the role of
multiple ground state sublevels, including coherences between
then established by either Raman or Zeeman processes, is of para-
mount importance. The next natural guestion is what is the sim-
plest possible atumic level system that would permit SDLC. Since
multiple ground state sublevels are reguired for SDLC, a four
level 0 » 1 (Jg = Je) transition will nct work, but J = 1 « 0 or
1/2 » 1/2 transitions will both work. However, the 1/2 < 1/2
scheme will not permit o* - 0~ polarization gradient cooling
because this requires atomic alignment [1]), s0 1 » 0 is the sinm-

plest possible general schemc for SDLC.

We have studied SDiLC in the F = 1 « 0 transition of the 28%
abundant 87Rb isotope in a 1-D optical molasses, with and without
polarization gradients, and in weak and strong magnetic fields
(strong means Zeeman splitting larger than the optical pumping
rates). The single most important characteristic of this transi-
tion in light of either linsar or circular polarization is the
presance of two unsxcitable ground state sublevels (dark states) |

" as shown in Fig. 1. tffcctiw laser cooling dapands on very many

scattering events bscauss tho momentum exchange from light scat- .
tering is typically much smaller than the sosantum ©Of thermal
atoms. In the usual J « J + 1 transition sthesas, atous are op-
tically pumped into a cyelie transition that allows this reguired |
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multiple scattering, rather than into a dark state that precludes
it. Thus laser cooling on the F = 1 « 0 transition is quite
different from the more common experiments because transient
processes preclude steady state cooling forces [2,3] and there is
no Doppler cooling. On the other hand, there is both transient
laser cooling and Velocity Selective Population Trapping (VSPT).

For the F = 1 #» 0 transition in a one~dimensional field with
no polarization gradients there are two dark states that are
independent of atomic velocity. However, with counterpropagating
beams of different polarizations €, and €5, for example circular
and linear, there is only one velocity-independent dark state.
The other two atomic ground state sublevels combine to form a
second state that is dark only at v = 0 in a semiclassical pic-
ture, and a third one that is readily excited. This v = 0 dark
state in a 1-D light field with polarization gradient is a new
discovery, and will be discussed below. VSPT in this dark state
of the 1-D optical field can only be eliminated with a strong B
field that is not parailel to either ¢ for linear polarization or
to k for circular polarization. The necessity of such a B field
is easily understood by considering that the c¢’s have no compo-
nents parallel to X, and if X wvare chosen as the z-axis, there
would be no optical pumping from the Mp = 0 sublevel in the
absence of a B field to mix the states.




L3
.

We note three special features of the F = 1 » 0 transition.
First, steady state processes are easier to study since non-
steady state effects may be present for a much longer time for
larger Fg values. For example, optical pumping in circularly
polarized light to the steady state population distribution among
the Mp sublevels occurs before steady state cocling on a cyclic
transition begins {3). Second, calculations of the damping force
or the velocity distribution are simplified because of the rela-
tively small Hamiltonian watrix. Third, Fe = O requires that the
ground states can be optically coupled to only one excited state
so that ground state coherences are not diluted by multiple

excited states.

In section II below we present a detailed discussion of
several specia) phenomena of laser cooling in the F = 1 « 0 tran-
sition. 1In section 1II we describe our apparatus and present the
experimental results, including observation of VSPT. In section

IV ve summarize our findings.

IX. Sub-Doppler Cooling on an F = 1 v 0 Transition.

The special characteristics of laser cooling on an F = 1 ¢ 0
transition can Ds used to slucidate many features of SDILC. We
2irst consider laser cooling in either the ¢* - o~ or the lin .

1in contigurations (4) with a strong D field applied perpendicu-.
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" lar to the optical k vectors (for the lin i lin case, B must not
be parallel to either of the polarizations €). In these cases
each traveling wave laser beam can induce both n and o transi-
tions in the frame with quantization axis chosen along the strong
magnetic field. Then both polarization schemes permit an energy-
exchange-based description of laser cooling toward v = 0

(8isyphus cooling).

To understand this description we view the optical field in
either polarization scheme (with B at $45° to the t’s of 1lin &
lin) as two orthogonal, 1linearly polarized standing waves with
nodes spatially displaced from one another as shbwn in Fig. 2a.
Such a field is symmetric for rotation about k, so we choose one
of the €’s along B. Thus one standing wave field induces n tran-

sitions and the other one induces ¢ transitions.

We consider light of sufficiently low intensity and large
detuning so that the excited state population is small. Atonms
are then subject to the conservative force from the light shift
potential (calculated by adiabatically eliminating the excited
state). We consider the conservative motion of the atoms in the
sinusoidal light shift potentials, coupled with the optical pump-
ing that provides the required irreversibility to produce damping
forces on the atomic motion, as shown schematically in Fig. 2b.
Note that t)e strengths ¢f the ¢ transitions are smaller than

thoss of n transitions for the saae linear polarization amplitude
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|E|, so the potential hills aré correspondingly smaller. Since
the potential hills associated with the light shift for the stan-
ding wave of one polarization are displaced from those of the
other, optical pumping can switch the atomic populations among
the ground state sublevels so that moving atoms always climb the
potential hills {5].

This is indeed what happens when the detuning from atomic
resonance, & ® W)ager ~ Watom > 0. Atoms that enter the light
field near antinode of standing wave 51 are quickly optically
pumped out of the sublevel excited by 51. sSuch gtcms can not be
excited by Ez because they are at the node for this polarization
vhere the excitation rate is zero (as is the light shift). Their
transverse velocity carries them towards the antinode of 32, and
in the process they increase their internal energy because of
positive light shift, and correspondingly decrease their kinmetic
energy and slow down. Near the antinode of 32 vhere the light
intensity and light shift aire largest, the slowed atoms are opti-
cally pumped into the state excited by €;, but they are now at
the node of this standing wave. The energy loss process repeats,

and the atomic sample is cooled.

In contrast to the energy based Sisyphus picture described
above, laser cooling in these polarization configurations can
also be viewed in the momentum-based, Velocity Selective Reso-

nance (VSR) picture. 1In this case we necessarily choose a des-
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cription of the 1light field as céunterpropagating travelling
wvaves instead of standing waves. When B is strong enough for the
Zeeman splitting to be larger than the optical pumping rate 7p,
and thereby make B a suitable choice for the quantization axis,
each light beaﬁ'(not each standing wave) in either the ot - ¢~ or
the lin 1 lin configuration can induce both n and ¢ transitions.
Thus there can be VSR, comp;ising excitation by one beam followed
by stimulated emission by the other, back to the original ground
state sublevel as shown by the dashed arrows in Fig. 3. Such a
sequence can produce strong velocity damping toward the resonance
velocity, which is v = 0 in this case, because the initial and

final states have the same energy (same state) [6,7].

This VSR picture provides insight beyond the Sisyphus pic-
ture because there are also VSR’s between pairs of sublevels of
different energy. These are levels that are Zeeman split by wg =
grugB [6,7), and Raman transitions between them are shown by the
solid arrows in Fig. 3. Such Raman transitions are resonant when
2k-v = twz, and are resolvable when 7p < wz. Our data presented
below show strong sub-Doppler cooling to both v=0 and v =
2wz /2k.




III.A. Experimental Apparatus

Most of our experimental setup has been described in previ-
ous work [6,8) and is only bkriefly described here. Rb atoms
emerge from a 150 ©C oven with a horizontal slit aperture 0.06 mm
high by 2 mm wide (see Fig. 4). A horizontal atomic beam is
formed by a vertical slit 2 mm high by 0.06 mm wide, 35 cm away
from the oven. The atomic beam is crossed at 90° by a pair of
counterpropagating, horizontal laser beams just beyond the verti-
cal slit, and the polarization of the retroreflected beam can be
modified by a guarter wave plate in front of the mirror. Three
pairs of square Helmholtz coils are used for controlling the B
field in the interaction region. The atomic beam profile paral=-
lel to the direction of the optical k vectors is measured with a
scanning hot platinum-tungsten wire, 25 um in diameter, 1.3 m

away from the interaction region.

A 20 mW Sharp model 1TO024 diode laser is side-locked to a
Doppler-broadened signal from a Rb cell at room temperature.
Light from this laser is used to optically pump the 87Rb atoms
from the 5S;,(F=2) to the 5§,,(F=1) ground hfs state before
they reach the interaction region. |

Light from a second diode laser, a 35 mW Sharp model LTO025,
is split into two beams, and the weaker one passes through an

80 NHz AOM and then to another Rb vapor cell. A Cross-over reso-




nance in its saturated absorption signal is used to lock the
‘laser near the F = 1 » 0 transition in 87Rb near A = 780 nm, and
facilitates tuning on either side of the atomic resonance. About
10~5 of the laser light is fed back to the laser by a blazed
grating (see Fig. 4) to reduce the spectral width to ~1 MHz [9].
The laser beam has its gpatial intensity profile flattened to a
few percent by a tilted etalon [10), and is then expanded to 23
mnm wide by 5 mm high. A mechanical shutter interrupts this bean,
and many systematic effects have been eliminated by subtracting

data from measurements with the laser beam off from those with

the bean on.

III.B. Experimental Results

Figure 5 shows the measured atomic beam profiles with B per-
pendicular to the k vectors for (a), the case of ot - ¢~ and (b)
lin : lin with B at 459 to the polarization vectors. In each
case B is perpendicular to the horizontal atomic and laser beanms.
The top trace in each fiqure shows strong sub-Doppler qooling to
v = 0, and a velocity width of only ~ 5.5 cm/s fnopplcr limit «
13 om/s in 1-D optical molasses). Both the top traces w‘ro taken
with large B (B > 1 G), and both also show the VSR peaks at v #
6. As B is reduced (lower traces), these VSR peaks move to lowar
velocities, and Fig. 6 shows the separation of these peaks vs.

|B| for each case.
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In the semiclassical approximation the "velocity capture
range" of this cooling process is determined by the lifetime of )
the ground state populations and/or coherences produced by the
VSR’s. Atoms are optically excited out of these coherences at a
rate 7p = fp cos?(kx) where fp® 2s(7/2)/(3L +8), T ® 1/7 is the )
excited state lifetime (27 ns for this Rb transition), L = 1 +
(28/7)2, and the saturation parameter for a single light beam is
8= I/Igat, Where Igat ® mhc/3A3t (¢ 1.6 mW/cm2 for the A = 780 )
nm transition in Rb). The factor of 3 in the denominator of ¥p
comes from the Clebsch-Gordan coefficient for the 1 » 0 transi-
tion for each value of My, and the factor of 2 in the numerator )
comes from the superposition of two orthogonal light beams. For
Fig. 5a, s & 1.33 and 8 & 2m x 12 MHz whence 7p/2n # 150 kHz and

the average value over a wavelength Tp is half of that. )

Under optimum cooling conditions, the expected width of the
velocity distribution is ~ Jp/k & 6 cm/s, about egqual to the va- )
lue observed for the v = 0 peak. The widths of the v = 0 peaks,
Av, are limited by the width of the longitudinal velocity distri~-
bution Avy through Av/v ~ (Avy/vp) =~ 1/2 _tcr & thermal beam, and )
their widths are indeed about half their distances from the v = 0
peak. They begin to merge into it when their vclociti is ~ 10
cm/s, corresponding to |B| & 0.3 G for g = 1/2. Similar conclu- ]
sions can be drawn from the data of Fig. 5b. Furthermore, at low
B fields some states are on1y~ veakly excited and transient

cooling eftects begin to appear [2). )
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The two bottom traces in Fig. §, where |B| = 0, reveal the
velocity selective population trapping (VSPT) discussed above.
Atoms travelling in either light field of Fig. 5 with nearly zero
transverse velocities spend all their time in light of one parti-
cular polarization as they ride along a particular phase of the
standing wave. For example, in lin 4 lin this may be circular
along one path across the standing wave, or linear along another
path that is A/8 away. In the absence of a B field the quantiza-
tion axis is chosen along the local polarization. Atoms are then
optically pumped to a dark state of this basis (Fig. 1) and re-
main uncoupled to the excited state by the light. These slow
atoms are subject to VSPT and thus do not expefience nomentun
diffusion. They could therefore display an arbitrarily narrow
velocity distribution with a long enough interaction time. (Note
that this is not the same as the "coherent" population trapping
of Ref. 11 which depends on the quantized center-of-mass motion
of the atoms.) Atoms are cooled to the low velocities appropri-
ate for VSPT by transient polarization gradient cooling, and
these form the sub-Doppler peaks at the bottom of Fig. 5 with
B=0. When atoms traverse either light field of Fig. 5 with a
higher velocity, they experience a constantly changing polariza-
tion, and could thus be pumped out of the velocity selective
*"dark" states of Fig. 1.

We have tested this hypothesis of VSPT at |B| = 0 several

vays. PFirst, we found that the cold atom peaks occur over a wide

11
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* range of detuning, both blue and red, although they are stronger

in the blue case because there is residual polarization gradient
cooling to feed the dark state. Second, we used an aperture on
the laser beam to shorten the interaction time, and found that
the cold atom peaks require a few optical pumping times 1/7p to
appear. Third, we note that Tp ® v/80 for the conditions of Fig.
5, so that optical pumping occurs in about 2.5 us. VSPT atoms
that move less than A/4 in this time will have to wait longer
than this time to be pumped out of the dark state because they
will not be subject to a different polarization. Thus there is
also a cold peak even in the absence of a B field with a velocity
distribution of width ~ 9 cm/s, about 50% larger than the large B
field peaks, just as shown at the bottom of Fig. 5.

In addition to all the experiments described above with the
two types of polarization gradients, we have also studied SDLC in
this F = 1 » 0 transition in a standing wave of purely circuiarly
polarized light. The presence of a weak transverse B field then
produces magnetically induced laser cooling [8]. At low B field
we observed a very narrow peak near v = 0, and at higher fields
we saw this split into two peaks with aub?Doppler‘widths centered
at vy = twz/2k just as in previous experiments using more compli-
cated transitions [6]. We have also observed higher order VSR'’s
where the resonance velocity satisfies vy’ = twz/4k, correspon-
ding to redistribution of two photons between the two lasar beaums

that form the optical molasses.
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IV. Conclusions.

We have performed several other experiments on this simplest
possible SDLC scheme to assure that it displays all the features
we expect. For example, in the lin 1 1in case with B along one
of the polarization vectors, we find that both the cold peaks of

atoms indeed move at the resonance velocity vy = fwz/2k [12].

Thus we conclude that the F = 1 » 0 transition is the para-
digm of SDLC, displaying many oi its special features in addition
to uK temperatures, and holding claim to being the simplest pos-
sible angular momentum configuration with this ‘capability. 1In
the future we plan more extensive studies of VSPT, the higher

order resonances, and other aspects of this exticordinary laser

cooling system.

tSupported by N.S.F., O.N.R., A.F.0.S.R., and C.A.P.E.S. (Brazil).

13




REFERENCES

1. G. Nienhuis et al., Phys. Rev. A44, 462 (1991).

2. S. Padua et al., Phys. Rev. Lett. 70, 3217 (1993).

3. C. Valentin et al., Europhys. Lett. 17, 133 (1992).

4. J. Dalibard and C. Cohen-Tannoudji, J. Opt. Soc. Am. BE,
2023 (1989).

5. This presents no conflict with the usual view of ¢* - o~
laser cooling (Ref’s. 1 and 4) because of the strong B field (see
Ref. 7). In the usual views where B= 0, the damping force can
not be viewed as derived from a Sisyphus mechanism, but rather as
a scattering force or radiation pressure derived from a popula-
tion imbalance. Here, however, the strong B field perpendicular
to k precludes the Larmor transformation responsible for the

usual viewpoint (Ref. 4).

6. S-Q. Shang et al., Phys. Rev. Lett. 65, 317 (1990).

7. P. van der Straten et. al., Phys. Rev. A47, 416C (1993).
8. B. Sheshy et al., Phys. Rev. Lett. 64, 858 (1990).

9. R. Ryan et al., J. Opt. Soc. Am. B0, 1643 (1993).

10. C. Xie ot al., Opt. Lett. 18, 173 (1993).

11. A. Aspect et al., Phys. Rev. Lett. 61, 826 (1988).

12. §-Q. Shang et al., Phys. Rev. Lett. §7, 1094 (1991).

4




FIGURE CAPTIONS

Fig. 1. The energy level scheme for an F = 1 » 0 transition
showing allowed excitation for blue tuned ot light (a) and m
light (b). In (a) the Mp = 0 and 1 states are dark, whereas in
(b) the Mp = ¢ 1 states are dark. Linearly polarized light per-
pendicular to z would excite both the Mp = +1 and -1 sublevels
leaving Mp = 0 as one dark state, while an uncoupled superposi-

tion of the My = :1 states would be the other.

Fig. 2a. The standing wave fields of either ¢+ - o~ or lin
4 1in polarization configurations. Both optical‘fields have the
same w/2 spatial phase shift. The only difference Lketween the
the two polarization schemes is the relative temporal phase of
the linearly polarized standing waves. This phase difference is
zero for ot - o~ and :n/2 (i.e., time lag of 2n/2w)ager) for lin
i 1lin. The selection rules are the same. If B is along one of
the €’s in the lin i lin case, one standing wave is parallel to
the quantization axis along B so it induces m transitions, and
the other one is psrpendicular to B so it induces both ot and o~
trunsitions. In the o - o~ case, choosing z along B yields the
sane s~lection rules as the lin i1 lin case (see Ref. 7). 2b
shovs the spatial dependence of the light shift for thu field of
2a vhen the quantization axis is chosen perpsndicular to k (at
2459 to the ¢ fields for lin 4 lin). Since the strangth of the n
transition is larger, the light shift is larger for the same |c].

15




Fig. 3. Raman transitions among the Mp sublevels of the F =
1 « 0 transition in a magnetic field. VSR at v = 0 are induced
in atoms that return to their original sublevel (dashed arrows),
and at finite velocity vy = wz/2k for atoms that are transferred

between states of different My (solid arrows).
Fig. 4. Schematic diagram of the apparatus.

Fig. 5. Measured atomic beam profiles tbr é/2n = +12 MHZ (»
2y) for the case of (a) ot - ¢~ with 8 = 1,33, and (b) lin & lin
with & = 0.66. The highest B values are at the top, decreasing
to B = 0 at the bottom. Note that the VSR signals on each side
of the central peak are hroadened-by the longitudinal velocity
distribution.

Fig. 6. Velocity of the VSR peaks in Fig. 5 ve B. The so-
1id dots are for o% (Fig. 5a) and the open squares are for lin 4
lin (Fig. 5b). The straight lines represent the resonance case,
v = wz/2k appropriate in each case because the light induces both
w and ¢ transitions in the strony transverse B field.
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Bichromatic Laser Cooling in a Three Level System

R. Gupta, C. Xie, S. Padua, H. Batelaan, and H. Metcalf

Physics Department, SUNY, Stony Brook, NY 11790

ABSTRACT

We report a new type of sub-Doppler laser cooling in 1-D
using neither polarization gradients nor magnetic fields. Two
laser frequencies couple each of the two ground state hfs sub-
levels to a common excited state of 85Rb, thus forming a Asysten. '
We observe sub-Doppler cooling when the light is tuned blue of
resonance, efficient heating with red detuning, deflection from a
rectified dipole force, and velocity selective resonances associ-
ated with Raman transitions. A simplified semiclassical calcula-
tion agrees qualitatively with our measurements.

PACS numbers 32.8C.Pj, 42.50.Vk




All sub-Doppler laser cooling (SDLC)} methods can be charac-
terized by a damping force derived from a spatially varying light
field (e.g., from superposition of two counterpropagating laser
beams) (1,2). In all cases studied to date, motion of the atoms
prevents their internal state distribution from reaching steady
state. Deviation from the steady state is countered by the ir-
reversible process of optical pumping (spontaneous emission) that
tends to restore the steady state distribution. The time lag of
this process leads to non-adiabatic response of moving atoms to
the standing wave field, and under suitable conditions, a velo-
city dependent damping force. 1In the past polarization gradients
[(1,2) or magnetic fields (3] were used to create the spatial
dependence of the atomic steady state. 1In this letter we report
a new SDLC scheme that requires neither polarization gradients
nor magnetic fields.

Our new scheme employs two standing waves with the same lin-
ear polarization but different laser frequencies, w; and wp, cor-
responding to excitation of the two ground state hyperfine levels
of 85Rb (separated by whfg & 2m x 3.036 GHz). When w;, wy, and
§ % (W3 - W) - whfg are properly chosen, the time lag described
above can also damp the motion of moving atoms because of the
non-adiabatic response of the populations of levels |1> and |2>.
Recently there has been considerable theoretical interest in the
optical forces on three level atoms with such a A configuration
of levele [4-12] but only a few experiments [13-15).

SDLC is often described in a picture called Sisyphus cooling
(because of the close analogy with a Greek myth [16)) where atoms
lose kinetic energy when they move in the potentials caused by
the light shifts of the laser field. Such descriptions exist at
low intensity for the steady state processes of polarization
gradient {1,16,17]) and magnetically induced cooling (3], as well
as transient laser cooling processes [18]. With two frequencies




present, a similar energy loss or Sisyphus picture is appropriate
when the relative spatial phase of the standing waves is consi-
dered.

Consider the case where the intensity maxima of the standing
wave at wj correspond to the minima of wy; as shown in Fig. 1a,
and both wj’s are larger than the corresponding atomic resonance
frequencies as shown in Fig. 1b. The light shift of each ground
state sublevel |i> is dominated by the nearly resonant frequency
wi, and hence is positive. Atoms moving through the node of w;
are optically pumped to |1> and must increase their potential
energy to move further as shown in Fig. la. This comes at the
expense of their kinetic energy, and they slow down as they
approach the top of the potential hill at the antinode of w;.
However, they are most likely to be optically pumped to |2> at a
point where the intensity of light at w; is high, and then they
begin climbing another hill. Repetition of this process rapidly
converts kinetic energy into potential energy which is then dis-
sipated into the fluorescent light of the spontaneous decays, :nd
atoms are cooled. This process obviously produces heating if the
two frequencies are red of resonance thereby producing negative
light shifts, and its effectiveness is compromised when the stan-
ding wave phase difference is different from m.

Most of our experimental setup has been described in previ-
ous work (3,17,18] and is only briefly described here. Rb atons
emerge from a 150 ©C oven with a horizontal slit aperture 0.06 mm
high by 2 mm wide. A horizontal atomic beam is formed by a ver-
tical slit 2 mm high by 0.06 mm wide, 35 cm away from the oven.
The atomic beam is crossed at 90° just after the second slit by a
laser beam containing two frequencies that is retroreflected by a
movable mirror to form two horizontal standing waves with the
same polarization but differsnt frequencies. The transit tire of
atons with the average velocity 350 m/s in the 23 mm long by 5 um

3




high laser beam is about 65 us. The Earth’s magnetic field is
carefully cancelled to less than 10 mG by square Helmholtz coils.
We measure the atomic beam profile parallel to the direction of
the optical k vectors with a scanning hot platinum-tungsten wire,
25 um in diameter, 1.3 m away from the interaction region.

Linearly polarized light from a 35 mW Sharp model LTO25
diode laser is split into two beams, and the weaker one passes
through a 80 MHz AOM and then {0 a Rb vapor cell. A crossover
resonance in the saturated absorption signal is used to lock the
laser near the F = 3 » 3 transition in 85Rb near A = 780 nm, and
facilitates tuning on either side of the atomic resonance. About
10~5 of the stronger beam is fed back to the laser by a blazed
grating to reduce the spectral width to ~1 MHz. The two frequen-
cies are generated by passing the light through an EOM [19]. A
mechanical shutter interrupts this beam, and many systemat.ic
effects have been eliminated by subtracting laser beam off from
laser on measurements.

The spat’al phase difference between the two light shift
potentials is of paramount importance in this experiment. The
standing waves of the two frequencies have nodes at the surface
of the retroreflecting mirror, but their relative phase ¢ =
2z(wy - wy)/c varies with distance 2z from the mirror because of
their frequency difference; for w; - wy; & 2w x 3 GHz the spatial
period of this variation is &« 5 cm. Since this is much larger
than the 0.06 mm atomic beam diameter, atoms see a fixed value of
the phase between the standing waves. This can be varied by
translation of the retroreflecting mirror.

Figure 2a shows the results of our measurements of SDLC
using two optical frequency standing waves for the case of ¢ = n
(optimum cooling) and & = 0 obtained by moving the retroreflec-
ting mirror about 2.5 cm. Even at & = 0 there is a significant




- signal of cooled atoms, but this arises from two additional cool-
ing mechanisms operating in this experiment. First, the atomic
coherences produced by stimulated Raman transitions between the
states |1> and |2> for & = 0, neglected in this Sisyphus descrip-
tion, produce velocity selective resonances (VSR) at v = 0 as
described below. Second, for the F = 3 = 3 transition driven by
linearly polarized light, the excitation of the My = 0 sublevel
is forbidden, and transient cocling into this dark state contri-
butes to this residual cooling (18].

We have tested that this residual peak of cold atoms is
mostly the result of transient cooling by varying the interaction
time with an aperture on the laser beams. We found that it is
produced in a time comparable to the optical pumping time 1/7p.
For this test we used a large enough value of &8 so that the VSR
peaks are well resolved from the v = 0 signal, (see below), and
the remaining signal at & = 0 is only from transient cooling.
Figire 2b shows the ¢ dependence of the height of the cooled atom
peak at v = 0 with large §.

The Sisyphus description of these experiments given above is
limited because it is based only on the populations of states,
and neglects coherences that are associated with Raman processes
between the two long lived ground states. It is well known that
these coherences have important effects on the damping forces,
and in previous experiments we have shown that damping to v = 0
[20] and to finite velocities [20,21) depends on Raman resonances
between Zeeman shifted states that redistribute light between
counterpropagating beams. These VSR are always present in all
known cases of steady state SDLC (22,23).

The direct analog of the magnetic VSR can be seen with two
laser fraquencies when 5§ @ (W) ~ W) ~wpeg * 0 {20). Then the
condition for VSR is satisfied at the resonance velocity v, =




¢t §/2k. Figure 3a shows the measured atomic beam profiles for
different values of § and Fig. 3b shows the velocity associated
with the side peaks of Fig. 3a vs §. Two side peaks appear for
each value of & because atoms at the resonance velocity v, can
absorb either wj; or w,; from either direction of the laser bean,
depending on the sign of their velocity. Of course, stimulated
enission into the other beam completes the Raman transition.

The widths of the v = 0 peaks, Av, are limited by the width
of the longitudinal velocity distribution Avy through Av/v -~
(Avp/vy) ~ 1/2 for a thermal beam, and their widths are indead
about half their distances from the v = 0 peak. They begin to
merge into it when their velocity is ~ 20 cm/s, corresponding to
§ & 0.25 MHz., It must be emphasized that the widths of these
peaks are all below the Doppler limit (10 cm/s): atoms undergo
SDLC to the velocity vp. '

Up to this point we have considered orly the special cases ¢
= 0 or mw, and the same sign for the detuning &; ® wj - Watom(i)
of the two individual laser frequencies (see Fig. 1). We now
consider cases where these conditions are relaxed. In addition
to SDLC, we show that various values of &) and §; can produce
qualitatively new effzacts. In particular, when &; and &, have
opposite signs, the light shifts for the two ground states |1>
and |2> are opposite. For ® = 0 or mw, partial cancellation of
the kinetic energy change when the atons move on these oppositely
light shifted potentials severely reduces the heating or cooling
forces, but for other values of & this cancellation is less com-
plete, and there remains a "rectified" dipole force [11,13,15).

Figure 4 shows achematically how this works if we choose for
simplicity equal probability for the optical pumping processes
|1> « |2> and {2> « {1>, Atoms are then optically pumped to the
state with the lowest standing wave intensity as shown by the




arrows in Fig. 4. For velocity v small enough so that the aver-
age optical pumping time 1/7;, is less than Az/v, where Az is the
standing wave displacement, then the optical force (slope of the
potential curve to which atoms are optically pumped) has a fixed
direction independent of velocity when averaged over a wave-
length. We therefore expect a maximum force near v = 0, with the
same sign for v < 0 or v > 0. The force should decrease with a
velocity width ~ 7phz & 7p/k.

In our experiment the atoms emerge from the second slit in a
velocity range of ~ :1 m/s, much largder than the “capture range"
1p/k of ~ 10 cm/s. Atoms with a large transverse velocity are
thus unaffected by the deflection force, while slower atoms
undergo a deflection to the right or left depending on the sign
of Az. Changing the sign of Az can be accomplished either by ex-
changing the signs of the &§;’s or by moving the retroreflection
mirror, and we have done both. The data of Fig. Sa and 5b
clearly show such deflections of the atoms for opposite signs of
Az, and also provide a measure of the effective velocity rance
for this rectified force.

We have done semiclassical calculations of the force on mov-
ing atons, starting with the optical Bloch equations to find the
density matrix. Using only the transfer of population between
states |1> and |[2>, and neglecting any coherences that may be
produced in the optical excitation, we have calculated the force
for the many experiments described above. For the data of Fig, 2
we find the usual dispersion~-shaped velocity dependence with
strength and capture range that correspond vwell with our measure-
menta. For the data of Fig’s. S5a and 5b, we show in Fig’s. Sc
and 54 the anticipated single peak (or dip) in the force vs velo-
city curve, with no zeroc crossing and a width - 1p/k. Such aodel
calculations can not bs used for the data of Fig. 3 bescause the
VSR arise froa coherences that are not included, Wa plan to
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extend the semiclassical methods we have developed, that include
the multiple magnetic sublevels [22,23)], to two fregquencies to
model these experiments.

Cooling atoms with two frequencies is a fundamentally new
SDLC scheme that requires neither polarization gradients nor
magnetic fields. Its damping, maximum force, capture range, and
diffusion are comparable to those of many previously studied SDLC
schemes such as polarization gradients (1,2] and magnetically
induced laser cooling [3). However there are additional free
parameters that provide flexibility for further study of SDLC
processes. These are the detunings 3; and &;, saturation
parameters s; and s;, and the phase between the standing waves §&.
It also provides a better insight into particular interpretations
of SDLC such as the Sisyphus picture. We plan to extend our
study of this system to include polarization differences between
the two beams, polarization gradients of each beam, and the
effect of magnetic fields.
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FIGURE CAPTIONS

Figure 1. (a) shows the spatial dependence of the unequal light }
shifts (caused by either different transition strengths or
different light intensities) near the two frequencies wj; and ;4
wa. (b) shows the atomic levels and definitions of the &’s. -

Figure 2. (a) shows the measured atomic beam profile for & = 0 E
and . Here &; = 87 & +6 MH2 (5 = 0) and the intensity I; #« )
3.2 mW/cn? and I; & 1.6 mW/cm? (s Igat ® he/adt). A change
of 1.0 on the vertical axis corresponds to a 100% change of
the signal. (b) shows how the measured central peak height
at large & varies with &. The solid line is a fit of a sine
wave to the data.

Figure 3. (a) shows the measured atomic beam profile for various
values of & that produce VSR at velocities :§/2k. A change
of 1.0 on the vertical axis corresponds to a 100% change of
the signal. (b) shows the measured resonant velocities the
peaks vs 8. The straight line is a plot of v = §/2k. The
laser intensity is (0.6)Igat # 1 mW/cm? for each beam and §; )
@ 10 MHz.

Figure 4. The spatial dependence of the light shifts for &§; and
82 with opposite signs and & different from 0 or mn. The
arrows show the position and the direction of optical pumping
between states |1> and |2>. Atoms travel along the thickened ) o
lines to the right, and for the case shown, the average force
is clearly to the right. For motion to the left, the force
is still to the right.

Figure 5. (a) and (b) show the measured spatial profile of the
deflected atomic beam for two different signs of the 3i’s. A )
change of 1.0 on the vertical axis corresponds to a 100%
change of the signal. Similar results are obtained by moving
the retroreflecting mirror. The limit of velocity capture
range is evident in the data. (c) and (d) show the
calculated force curves. The laser intensity is « 1.6 mW/cm?
for all parts, &; = +6 MHz and §; = -3 MHz for (a) and (c), '
and 83 = -3 NHz and &§; = +6 NHz for (b) and (4).
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Energy Bands and Bloch States in 1D Laser Coolmg

>
M. Doery, M. Widmer, J. Bellanca, E. Vredenbregt, T. Bergeman and H. Metcalf A
(&)
Physics Department, SUNY, Stony Brook, NY 11794-8800 '
(August 27, 1993) »
Abstract :
We describe calculations that predict and analyze distinctive quantum
»
features in the velocity distribution in 1D laser cooling for light shift poten-
tial well depths only a few times the recoil energy. These features arise from
transitions between energy bands, or even between Bloch states, in the peri- » o
odic potential. They occur with a o* standing wave, both with and without
a small B field, and for lin 1 lin laser cooling. We have observed these fea-
’
tures experimentally in a beam of metastable helium atoms cooled on the
235, ~ 2°P; transition, with velocity resalution ~ 0.3 recail.
PACS pumbers: 32.80.Pj, 42.50.Vk ,
’
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Recent progress in laser cooling has produced atoms with mechanical energies less than
the light shifts induced by the laser light [1,2]. This means atoms may be confined in the
periodic array of potential wells between the nodes (or antinodes) of optical standing waves.
At such low energies, the deBroglie wavelength of the atoms is comparable to the optical
wavelength. Motion in these wells is thus quantized: the eigenstates of atomic motion
show a band structure analogous to that of electrons moving in the periodic potential of
a crystal. Since a theory of this band structure in laser cooling was developed [3], there
has been a keen interest in studying its effects experimentally. Recently, the frequency
intervals between energy bands have been investigated with a probe laser using four-wave
mixing [4], through sidebands in the atomic fluorescence [5}, and through rf spectroscopy
[6]. Up to now, however, there have been no observations of quantum effects in the velocity
distribution, which is arguably closer to the focus of laser cooling.

Here we report measurements and calculations that, for the first time, do reveal quan-
tum effects in the velocity distribution of cooled atoms. We find not only effects of tran-
sitions between the bands, but also effects of transfer of population between Bloch states
within these bands. Effectively, we are probing the velocity substructure of bands in the
periodic light shift potential. Observation of these features requires that the velocity res-
olution be smaller than the recoil velocity Va. Furthermore, the laser-atom interaction
time must be at least a few times longer than the optical pumping time, and the light

 shift potential wells must be shallow enough for caly 8 few bands to occur below the tops

of the potential hills. These last two conditions are met by choice of laser intensity and

detuning, while the first one is facilitated by cooling metastable He 25 atoms (He‘)_'tm |

the 25, o+ 2°P; transition . He® has a large recoil velocity Vi = Ak/Af = 9.2 em/s due
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to its small mass M (A = 27/k = 1.083 pm is the laser wavelength).

We discuss three cooling configurations where we have observed energy band or Bloch
state transition effects. The first is a pure o* laser standing wave driving the He* J =
1 — 2 transition, which produces a dip in the velocity distribution near V = 0. The
dip is caused by differences in the zero-point velocity distributions in light shift potential
wells of different depths. The second configuration is Magnetically Induced Laser Cooling
(MILC) where a o* standing wave and a magnetic field produce sub-Doppler cooling {7].
Transitions between Bloch states within the lowest energy band in the standing wave cause
a peak in the velocity distribution aear V = 0 whose width is about equal to Vg. The third
case occurs in polarization gradient laser cooling with counter-propagating laser beams of
orthogonal linear polarizations (lin . lin) [8]. Here we find dispersion-like features in the
velocity distribution near V = +Vj, caused by net transfer of population from states just
above the lowest band gap to states just below it.

The experimental apparatus used in our studies is shown schematically in Fig. 1. He*
atoms come from a discharge-excited nozzle source, cooled by liquid N;. Through time-of-
flight measurements we established that the supersonic longitudinal velocity distribution
has an average velocity v = 1400 m/s and a velocity spread Avans = 240 m/s at our
standard operating conditions. The on-axis source outpul is ~ 5 x 10'® He® atoms s™*
sr™), while the ratio of singlet to triplet metastables in the beam is < 0.02. About 1 cm
downstream of the nozzle there is » conical akimmer, followed 25 cin further by a 30 um
wide x 7 m high slit that reduces the flux to 2 x 10* He® atoms s-1.

Directly after this alit, the atoms interact with two counter-propagating laser beams

of equal inteusity. The beams have a neatly Gaussian intansi‘typroﬁlg with a waist radius




w = 16 mm (e~? intensity point) and «.e apertured to a diameter of 32 mm. They originate
from a home-built, laser diode-pumped CW LNA-laser [9]. The laser’s frequency is locked
to a cavity that in turn is locked to a Zeeman-tuned {10}, weak RF discharge in helium.
The interaction region is surrounded by three orthogonal pairs of Helmholtz coils to create
a well-defined magnetic field B . The Earth’s magnetic field was cancelled to £5 mG using
the Mechanical Hanle Effect on the 235, — 23P; transition [11].

The transverse velocity distribution of the He* beam, modified by the interaction with
the laser light, is measured with a detector 1.9 m downstream of the interaction region.
This detector consists of a stainless steel plate placed behind a 30 ym wide slit in a
moveable, metal cage. The two 30 um slits separated by 1.9 m provide velocity resolution of
2.7cm/sor 0.3 Vr. The internal energy of the He* atoms can free an electron from the plate
on impact, and the resulting current (~ 10 fA) is amplified, collected and recorded. The
detector’s transverse position in the atomic beam is scanned with a computer controlled
stepper motor.

We have used two types of density matrix quantum cooling calculations [3,12-14]
to interpret the measurements. The density matrix p obeys the Liouville equation

= ~(i/R)[H,p] + e, Where H includes internal energies, kinetif energies, atom-laser
interactions, and magnetic field interactions if present, and j,, expresses the spontaneous
radiative decay and repopulation of ground state sublevels. The calculations that best
model the experiments use basis states that are products of internsl atomic states and
free particle momentum eigenfunctions (3,13]: ¥ = |J,m,p >. Excited states ue explic-
itly included so Doppler cooling effects occur in the results, and one can also include the
spatially varying luser intensity profile. These calculations match }he measured velocity
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distributions very well, but do not offer a clear picture of the cooling process.

More insight is provided by our second method because it explicitly uses eigenstates &
of the periodic light shift potential obtained by adiabatically eliminating the excited state
[12,14,15]. It simulates the experiment less accurately because there is no Doppler cooling
and the laser profile is assumed constant. Nevertheless, it shows the key features found ’
both in the experiments and in the {ree particle calculations. The effective Hamiltonian
for the ground state is Hoyy = (256/L)V,.V.,, where S = 20Q%/T%(= 1 for intensity I =
nhe/3)37), Qis the single beam Rabi frequency, I' = 1/7 is the decay rate, § = wiser ~Watom
is the laser detuning from the atomic frequency, and L = 1 + 46*/T'%. The matrix V.
includes Clebsch-Gordan coefficients for the atom-laser interaction (|Vjie;| < 1). Heyy is ’
diagonal in the magnetic quantum number m for o* light or for lin 1 lin cooling on a
Jp = 1 transition. The well depth Uy = fS6/L, where f = 2 for a o* standing wave, and
f=5/6for J=1— 2forlin 1 lin.

To help understand the following effects, some background on Bloch states is useful.
When the light shift potential is diagonal, the eigenfunctions satisfy a Mathieu equation. ’
Solutions may be written as an expansion in momentum eigenstates {15,16,3] ¥, .(z) =
T, anjvezpli(v+25)kz] where n is the band number and v is the Bloch index: =1 < v < 1.

Thus ¥(z) obeys Floquet's theorem. In Table I we present the low order wavefunctions
for H,jy ~ Upsin(kz), when U is less than the recoil energy Eg = MVi?/2 = A%k3/2)1.
In general, W(z) represents a travelling wave, except when v = 0 or 21, where energy ’
gaps occur. For the few bands below the tops of the potential hills when the potential is
- shallow, states just below a gap are more strongly localized in the deep part of the wells
than states just-above it. Going from the bottom to the top of a band, the wave functions

-9




go from being localized away from the deep part of the wells to being most localized in
the deep part of the wells. In a shallow potential, the lowest (n = 0) band is an exception
in that its v = 0 state is only slightly localized.

To explain our observations in the clearest way, we use a simple J = 1 — 2 model.
We use a basis of eigenstates of the periodic light shift potential and neglect off-diagonal
density matrix elemeuts [12] (except for MILC, where they are always needed), and assume
that the atomic recail from spontaneous emission of a * (o) photon is always directed
perpendicular (parallel) to the laser axis (z-axis). In o* excitation from m = —3 Bloch
states, followed by = decay to m = ] states, the net change in the Bloch index is then
Av = £1. Calculations based on this simplified model preserve the features found in more
exact calculations.

We first discuss the quantum feaiure in a o* standing wave (no polarizatior gradients
or magnetic field). The data in Fig. 2a show an overall bell shape that arises from Doppler
cooling, while the dip near V = 0 arises from purely quantum effects. Fig. 2a also shows
computational results from the free particle basis (with Gaussian laser spatial profile), and
from the periodic potential basis for a J = 1 —  transition.

The dip at V = 0 is a quantum feature that can be explained even with the simple
model. Fig. 32 shows the excitation sad decay branches, and Fxg 3b shows the two

m = &1 potential wells. Because atoms in the shallower well have a smaller zero point

vibrational energy than those in the deeper well, the veloaty distribution in the lowest
band of the shallower well is narvower. Am = 1 excitation followed by &m = 0 decay
transfers atoms from the lowest band in the shallower m = =1 potential wel 1o the lwest
band in the deeper m = 41 well. TmpmmﬂwthmetyMbuum
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. in the shallow well with a broader one. Fig. 3c shows calculated velocity distributions
P(m,n,V) = P(~1,0,V) and P(3,0,V) (n = 0, 1, ... is the band number), and their
- difference AP(V') (enlarged by a factor ot 4), for typical laser parameters. AP(V) has
a dip at ¢ = 0 and two peaks at V ~ +1.3Vx. Thus this quantum effect is caused by
differences in the velocity distributions of the lowest states of the potential wells [17]. This
same description holds for the J = 1 — 2 transition in He*, and causes the dip shown in
Fig. 2a.

This non-Gaussian population distribution is relatively short lived. For the J =1 — 2
transition in He* in a o™ polarized standing wave, the populations of the m = -1 and 0
states are depleted at the optical pumping rate I’y = 2ST'/L. For the conditions of Fig.
2a, the dip appears after ~ 1ps, which is a few times 1/T';, ~ 0.3us. However, Doppler
cooling of m = 1 atoms continues at the rate I'p,p, = 1656 Eg/RT L2, Since our interaction
time is only ~ 20 us, we do not see the dip vanish, but our calculations indicate that it
disappears after about 100 us, which is a few times 1/T'p,p, ~ 20ps.

The next quantum feature we discuss occurs when a transverse magnetic field is added
to the o standing wave (MILC [7]). At low intensities the two peaks discussed above
appes: &t approximately ~ V = £1.3Vg, but there is also a central peak of width ~ Vj,
‘as shown in Fig. 2b. The population distributions in the lowest ba.nds are shown in Fig.
4a vs. energy. Fig. 4a shows that the population decreases sharply with energy in the
lowest m = ~} band. No central peak occurs when the populations of the Bloch states
in this ba.nd are uniforn, as they nearly are for the pure ot case. We conclude that the
variation in the population over the band is responsible for the peak in P(V)at V =0in

Fig. 2b.
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As discussed in Ref. [13], MILC is a cyclic process of Am = +1 optical pumping
and Am = 1 magnetic Seld mixing. (Hence in MILC, the peaks at V = +1.3Vr are
continually regenerated.) In Fig. 4b, transitions between Bloch states (labeled A through
D) in the lowest bands (n = 0) of the m = £} potentials are shown by straight and
curved (single) arrows, respectively. The numbers (0.87, etc.) give the relative pumping
transition rates between states jm,n,v > as Typ = | < —1,0,0]sin(kz)|3,0,1 > |2 = 0.80
and Tpc = | < ~1,0,1|sin(kz)|},0,0 > |* = 0.87. In the deeper, m = +3 well, all states
are comparably localized near the high intensity region, but in the shallow m = —1 well,
the n = 0 wave functions become more strongly localized in the high-intensity part of the
well as v goes from 0 to 1. Therefore Tpc is greater thars Typ. The pumping rate from
m=-1tom =1 for v=0(point A)tov =1 (D)is weaker than the pumping rate
from v = 1 (B) to v = 0 (C) because atoms at B experience a higher average intensity
than those at A. By contrast, the magnetic field mixing rate between the two v = 1 states
(BD) is very nearly equal to that for v = 0 (AC). The net result of this cyclic process is
an accumulation of atoms in the state with the lowest pumping rate, i.e., state A, (double
srrow in Fig. 4b). As seen from Table I and Fig. 4c, atoms with v = 0 have a large
probability to be at V = 0. Thus, a central peak occurs because of a two-step transfer
of atoms within the lowest m = —3 energy band, and is a purely quantum feature. For
deeper potentials with more bands below the tops of the potential hills, this quantum
feature evolves into the usual MILC cooling peak.

The third quantum feature we discuss in 1D laser cooling occurs in lin L lin polarization
gradient cooling at low intensities. For Up ~ Eg, we find that the velocity distribution

has strong dispersion shapes centered at V = £Vg, which can also be understood in




terms of transitions between Bloch states within the low-lying energy bands. Calcu}ation;
and experimental data on this effect are shown in Fig. 2c. To obtain the best match
between experiment and theory in Fig. 2c, the optimum laser intensity parameter for the
calculations was found to be S = 1.2 as compared with the nominal experimental value of
2.7. This discrepancy is unexplained at present.

In lin 1 lin cooling, each optical pumping step of the cyclic transfer from m = —

[ST1od

to m = 1 and back results in some energy lcss. With shallow potentials, the lowest
quantum states produce anomalies in the cooling process. We focus on the optical pump-
ing/radiative decay transition from the m = —},n = 1 band to the m = },n = 0 band.
Atoms in Bloch states |m,n,v >=|-1,1,S 1 > are pumped to |},0,~ 0 > by ¢* pho-
tons, then to | - 1,0, 1 > by o~ photons (Fig. 5). From |- 3,0,< 1 >, atoms are
pumped to higher states at rates smaller than for these processes, so there is a net loss of
|-1,1,<1> atoms and a net accumulation of | - },0,< 1 > atoms. For |-3,1,S1>,
the most probable |V| is slightly > Vi, while for | - 1,0,< 1 >, the most probable [V is
slightly < VR, as seen from the velocity distributions in Fig. 5b or the (1,0.8) and (0,0.8)
functions in Table 1. This two-step transition accounts for the dip at V > Vz and the peak
at V < Vi, and reflects the differing character of Bloch states just above and just below
the lowest band gap.

In summary, the experiments and calculations reported here show that in order to
understand laser cooling on the level of one recoil velocity, one must understand the
redistribution of population among Bloch states in the periodic light shift potential.

This work was supported by NSF, ONR, AFOSR, the US Dept of Education, and by

a grant of computer time from the Cornell National Supercomputer Facility.




REFERENCES

{1) P. Lett et al., Phys. Rev. Lett. 61, 169 (1988).

{2] C. Salomon et al., Europhys. Lett. 12, 683 (1990).

[3] Y. Castin and J. Dalibard, Europhys. Lett. 14, 761 (1991).
[4] P. Verkerk et al., Phys. Rev. Lett. 68, 3861 (1991).

[5] P. Jessen, Phys. Rev. Lett. 68, 49 (1992).

(6] R. Gupta et al., Proceedings of Fermi School CXVIII, ed. by E. Arimondo and W.

Phillips, North Holland, 1992, p 343.
[7] B. Sheehy et al., Phys. Rev. Lett. 64, 858 (1990).
[8] J. Dalibard and C. Cohen-Tannoudji, J.0.S.A. B 6, 2023 (1989).
[9]) T. Chuang and H. Metcalf, Appl. Optics 30, 2495 (1991).
[10] T. Dineen et al., Opt. Commun. 83, 277 (1992).
[11] R. Kaiser et al., Z. Phys. D 18, 17 (1991).

[12] Y. Castin, J. Dalibard, and C. Cohen-Tannoudji, in Moi et al, Eds. Light Induced

Kinetic Effects on Atoms, Ions and Molecules, (Pisa, 1991).
{13] T. Bergeman, submitted for publication.
[14] M. Doery, E. Vredenbregt, T. Bergeman, in preparation.

[15) M. Wilkens et al., Phys. Rev. A 44, 3130 (1991).

10

(

A




2

‘@ ¢ -

@

N e

£,

(16] N. MacLachlan, Theory and Application of Mathieu Functions (Dover, New York,

1964).

{17] At higher intensity a broader dip occurs in the Doppler cooled velocity distribution
because the force curve reverses its slope near V = 0. This high-intensity feature is

not a quantum effect.

1




TABLES
TABLE 1. Low order expressions for some unnormalized Mathieu functions, labeled by (n,v)

(adapted from Ref. [16]). Here u = Up/Eg and z = kz. Energies (third column) are relative to

the potential mean.

(n,v) v E/Eg

0,0 1- (u/8) cos(2z) ... -u3/32 ..

0,0.8 exp(0.8i2) — (5u/16) exp(—1.2iz) ... 0.64 - 0.09u3 ...

0,1 sin(2) — (u/32)sin(3z2) ... 1-u/4 ..

1,1 cos(z) - (u/32) cos(32) ... 14+u/4 ...

1,0.8 exp(-1.2iz) + (5u/16) exp(0.8iz) ... 144 4+ 0.07u? ...
12
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FIGURES

FIG. 1. Schematic of the experimental apparatus.

FIG. 2. Experimental data (dots) and free particle basis computational results (salid lines) for
the velocity distribution of He* atoms with (a) a o+ standing wave , Smaz = 1.65,6 = —2T;(b)a ot
standing wave plus 50 mG B field, Spe: = 4.5,6 = —4T’; (c) lin L lin cooling, Spmae = 2.7,6 = —8T".
For (c), calculations were performed with Smar = 1.2. The laser intensity has a Gaussian spatial
distribution. Dashed lines give results of periodic potential basis calculations for the simpler case

of J = 1/2 — 3/2, with adjusted uniform laser intensity.

FIG. 3. Analysis of the quantum feature in Fig. 2a, using a J = 1/2 — 3/2 transition. (a)
Excitation and decay scheme, with Clebsch-Gordan factors and m values as shown; (b) One period
of the light shift potential for m = £1/2, with the lowest energy bands indicated; (c) Velocity

distributions for the lowest energy bands, and their difference.

FIG. 4. Analysis of the quantum feature in Fig. 2b (MILC). (a) Calculated populations in Bloch
states (discretized to a mesh of Av = 0.1) for the lowest energy bands for m = £1/2. (b) Low-lying
energy bands for m = +1/2, with optical pumping (straight arrows) and magnetic field coupling
(curved single arrows) transition elements. v is the Bloch index. The double arrow shows the net
population transfer. (c) Velocity distribution fuactions, P(V), for the m = ~1/2,a = 0,» = 0 and

1 Bloch states, initial and final states of the two-step transfer process.

FIG. 5. Analysis of the quantum feature jn lin 1 lin cooling in Fig 2¢, in terms of a
J = 1/2 — 3/2 transition. (a) Low lying energy bands for m = +1/2, with arrow showing
important transitions between Bloch states. (b) P(V) functions for the initial and final Bloch

states in the tw;atep transfer shown in (a).
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Slowing of ®Rb Atoms with Isotropic Light

H Batelaan, S.Padua, D.H.Yang®, C.Xie, R.Gupta and H.Metcalf %)
Physics Dept., S.U.N.Y., Stony Brook, NY 11790

Abstract

We have demonstrated slowing of a rubidium atomic beam by isotropic
monochromatic light. The results agree with a model calculation, thus al-
lowing its use for designing an isotropic light slower. The large hyperfine
splittings of rubidium lead to natural multi-frequency slowing, which is alzo
included in our model. ’

PACS nr. 32.80.Pj, 42.50.Vk

1. INTRODUCTION

The ultimate goal for atomic beam slowing and coaling is the compression

of the entire velocity distribution of atoms i a beam as they emanate from

a source to one narrow peak at a desired low velocity. Although this goal is

far {rom being reached at present, atomic beam slowers are commonly used

for atamic clocks and for loading of magneto-optical traps and optical mo-

lasses. Improvements to atomic beam slowers are therefore of current interest.

Recently alowing and cooling by white light {1} and isotropic monochromatic

light [2] have been demonstrated to be promising sew techaiques.

- ln isotropic laser Light, the resonance frequency wiy of aa atotn moviag at

a velodity v will be matched by the Doppler-abifted laser frequency when the
wavevector E of the light makes an angle # with the atomic velocity

Wy = wy - kocod, - (1)

1 ’ .




where w; is the laser frequency and ¢ (f) indicates the initial (final) state. For
red detuned light {(w; — w;y < 0) this resonance condition requires 6 > x/2,
meaning that the recoil due to the absorbed photons opposes the atomic mo-
tion and slows the atoms. Subsequent spontaneous emission does not exert
a force on the atoms on average. As the atoms are decelerated, they absorb
light from a increasing angle § (angle tuned), until the maximum value of
8 (= =) is reached. Because the light is isotropic, the atomic motion i. ~
rectly opposed irrespective of its direction, while for Zeeman (magnetically
tuned) [3] and chirped (frequency tuned) [4] slowing, only the longitudinal
velocity component of the atomic motion is opposed. This major advan-
tage prevents the atomic beam from being transversely expanded (apart from
spontaneous emissions), in contrast to Zeeman tuned and chirped slowing.
In this article, we describe the application of the isotropic slowing tech-
nique to a rubidium beam in order to test experimental techniques and a
numerical model for the slowing process. The resulting slowed beam of cold
atoms is enhanced by aatural multi-frequency slowing (2], fos which the ru-
bidium atom bas an appropriate hyperfine splitting of the excited state. The
carefully tested model is then used to calculate isotiopic slowing over an ex-

tended length.

11. EXPERIMENT

A shematic view of our apparatus is shown in Fig. 1. A thermal beam
of Rb is collitnated to ~10 mrad by an aperture {Al) suspended from a cold
trap. and travels through a slower made from the diffesely reflective material
Spactralon {8} Themmhuqﬁndﬁmmmuinn«mwda
tam and outer diameter of 2 cn. The reflectivity r of the material is specified




by the manufacturer to be 99.1%. A beam from a Ti:sapphire laser, split into

two hranches by a beam splitter (BS), enters the tube via two 1 mm diameter °

hole: situated 5 cm from each cylinder end. The laser light has a line width of &)
<1 MHz and is side-locked to the Doppler broadened §S,/; —5P3, transition

of Rb near A = 780 nm with an accuracy of + 50 MHz using absorption in a ®

vapor cell, Saturated absorption is used to calibrate the Doppler broadened

absorption spectrum frequency scale. An electro-optical modulator (EOM) [6)

divides the laser power between the main laser frequency w; = 2x x 14 (Fig. »
2) and two side bands at w; & 2x x 2.91 GHz. One sideband (1;) counteracts
optical pumping into a single ground state hyperfine sublevel, while the othe:
is not used. Alternatively, we use the Ti:sapphire laser and a Sharp model 0
LT025 diode laser (DL1) to provide two frequencies, instead of the EOM.
The laser beam from another Sharp model LT024 diode la-er (DL3) is
- directed at an angle of 30" with the atomic beam to the determine the longi- ‘ R ®
tudinal velocity distribution by measuring the intensity of the emitted fluo-
rescence as a function of the laser frequency. The saturated absorption signal

from this Jaser also serves as a calibration of its frequency. A beam from a fre- o O,

quency locked laser (DL2) perperdicular to the atomic heam cancels velocity
selective optical pumping effects.

Twa concave spherical mirrors (CM) collect the fuorescence [7,8] and fo-
cus it on a hybrid photodiode-ampilifier detector (3] (PD). Stray laser light
emapating from the Spectrﬂoa tube is shialded from the detector (apestuse
A2). We chop the side bands of the EOM at 500 Hz and subtract the gated

signal from the gated background to reduce the noise markedly, ' o o
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IIl. A MODEL CALCULATION

We assume that the initial longitudinal velocity distribution of the atomic

beam is thermal and given by [10]

fv)x v e-mﬂm,'r

where kg is the Boltzman constant and T is the oven temperature. The force

on the atoms can be written as

F(z) = / 3 (M Ryecyep = Me Regeesp)af,

ne

where the subscript g (e) indicates the ground (excited) hyperfine levels, I

indicates the steady state population and Q (=(6,4)) indicates the direction

from which an atom absorbs light. The angle @ is dehned relative to the -

direction of the atomic motion. The projection of the reccil momentum of

the atom p along its direction of motion is given by
p = Akcos@

The transition rate {11) from an initial (i) state to a final (f) state is given by
2

k1 F

J.' I J Fi

R Kl

cip = (24 + 1)(2F +1)

Here, the initia {final) state cax be either the ground or excited state. The
Lifetitae r of the excited J, state (for the 52Py, state of $*Rb) is 27 ns {12},
I=5/2,Jy = 1/2,J, = 3[2,Fy = 2,3,F, = 1,2,3,4 and { } are the wsual
6-j symbuls [13). The photon scattering rate R;s(s,v) is proportional to the
convolution of the laser frequency distribution Jinside the tube and the atomic
line shape S,j(w) associated with the transition from the initial to the final

state [14]

Rylaie) = !s.’:..,( o[ [ Sylellylewntly go

4

(2

®)

(4)

(5)

(6)




where I' (= 2rx 6 MHz) is the atomic line width for ®*Rb and p(z) i: the light
energy density at position z. In the atomic line shape '

I'/»

RARCErTE

wiy =wy—w, denotes the frequency difference between the hyperfine levels F 1

and F;. Heve, I is the normalized laser frequency distribution in the atomic’ -

restvfmne
| I‘I(v’w’a) = 4:2 (g - W+ kIICOJO)Z + I? !

where T is the laser line width. The energy density p(z) is derived ,by-',.m :

iterative procedure [15).

For a Lambertian reflector, which 6beys

- J{(a) = Jycosa,

where Jp is the incident laser power and J(a) the reflected power atananglee

with respect to the normal of the reflector surface, a straightforward derivation

for & cylindrical geometry yields

P.‘(z)“= ;.n £L /02' ( r{l - cos9) \)aP.-l(‘-’;);w"“ = 1,2, .

T 2531 - c0s0)/

" for the power distribuiion P, of the o-th reflection of the laser light in the
- fyl‘mde:. The initial power distributioo is given by Py. For example, with one
entrance bale at z = 0 the total laser pover P = Po(0) and PRz # 0) = 0.
The length of the cylinder is L and the reflectivity r. We have assumed that
the power distribution is symmetric in ¢. The total power distribution may
be obtained by summing over all refiections, P(2) = T.230o Pu(2). We can
iamediately calcalate the energy density from (10},

#2) = 4P(3)/c

by assuming that the power distribution is isotropic. ‘We bave verified ana-

lytically that for an infinite cylinder, for which the surface is a hvmogeneous,

S
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Lambertian source the power distribution is isotropic. These approximations
are motivated by the small radius over length ratio for the cylinder.

In the force expression the steady state populations I, Il of the hyperfine
levels as a function of the position z are calculated by substituting R;s(2,v)
in the rate equations {11,16]. Obtaining from the calculated force the final
velocity of the atom vy for each initial velocity v, we obtain the final velocity

distribution,
dt’.‘ .
J(vy) = ;‘;;f(”-)’

expressing the conservation of atoms.

IV. RESULTS

To test the effective laser power in the tube we measured and calculated
the fraction of atoms optically pumped from the F,=3 into the Fy=2 state
as a function of laser power injected into the Spectralon tube. We chose this
fraction to be the ratio of the maxima of the atomic velocity distribution with
and without laser power, and plotted the result in Fig. 3. The calculation is
the result of the time dependent rate equations [16] with the isotropic photon
scattering rate (Eq. 6) for r=99%. For an oven temperature of T= 130°C
the density of rubidium results in an estimated mean free path of the photon
of 6 cm, while for an oven temperature of T= l'lO’Cthemu;fmpnhis
only 0.6 em. On the other hand a photon travels on average 2.5 ¢cm before
being abaorbed by a tube with a 92% reflectivity (see below) and 3 mm di.
ameter. Therefore we attribute the decrease in the optical pumping efficiency
with increasing temperature both to the optical thickness of the atomic beam
-and to the strongly Doppler-shifted Buorescence from all these atoms that
is prevenied from exzaping by multiple reflections in the Specmlén. All ve.
locity distributions presented below were taken withi an oven umpuum of

6

(12)




T= 130°C where the atomic beam is not optically thick. The optical pump-
ing efficiency test is thus used as an atomic calibration of the energy density
inside the Spectralon tube.

Still, roughly a factor of 4 discrepancy exists between the measured and
the calculated optical pumping efficiency. An additional experimental test
revealed the source of the problem. Fig. 4 shows the result of a measure-
ment of the relative light power that has diffused to the outside of the tube
as a function of position along it. The experimental result for a Rb-exposed
Spectralon tube before and after cleaning were compared with the result cal-
culated from equation 10. The results for the relative light power were scaled
appropriately. The drop in reflectivity of the exposed tube corresponds to a
factor of 4 drop in intensity. In accordance with the atomic calibration of the
energy density, we used a factor 4 to correct the laser power in all subsequent
calculations for the velocity distributions.

The measured fluorescence spectrum was used to determine the velocity
distribution, which has contributions from each of the three accessible eacited
hyperfine states. A given frequency of the detection laser corresponds to
three different detunings, which in their turn via &y = kviscos8 correspond to
atoms with three different longitudinal velocities. In our case, the repumping
detection Jaser (DL2) was strongly saturating, while the frequency ramped
detection laser (DL3) was operated in the linear range, causing the relative
strengths of the different contributions to be proportiosal to ¢;y. Taking these
three corrections into account in vur calculated distributions gives exceilent
agreement with the experimaental resuit for the jeitial velocity distribution
(Fig. 8). | |

In Fig. 6 the difference between the final and initial velncity distribution
is shown. A negative value of this difference indicates that atoms have been

semoved, while a positive value shows an ipcrease in the number of atoms. Fig.

7
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6a shows that atoms around 400 m/s have been slowed to velocities around
150 m/s. The experimental detuning &, (Fig. 2) is -190 £ 50 MHz relative to
the Fy=3 to F,=4 transition and the detuaing used in the calculation is -210
MHz. The EOM ia driven at 2.91 £ 0.01 GHz, which means that the detuning
é: relative to the Fy=12 to F,=3 transition is also -190 MHz. The total laser
power P = 100 mW, and the ratio 8 of each EOM sideband over carrier is
B = 1. The vertical scale is normalized to the height of the maxiinum of the
initial atomic velocity distribution, €0 that the peak of slowed atoms (Fig.
6a) contains ~2% of all the incident atoms.

The acceleration in the velocity distribution shown in Fig. 6b has been
measured under the same experimental conditions as in Fig. 6a, except for a
positive 190 MHz detuning. The presence of the double dip structure can be
mostly attributed to the Fy=3 to F.=4 and to the F,=3 to F =3 transitions.
The Doppler resonance condition (Eq. 1) is met for the F,=3 to Fe=4 transi-
ticn at 170 m/s and for the F,=3 to F =3 transition at 280 m/s, which agree
with the positions of the dips.

For pagative detuning the Doppler resonance condition (Eq. 1) is met for
the F,=3 to F,=4 transition at 170 m/s and for the F,=3 to F,=3 transition
at 60 m/s. Since the interaction time is longer st low velocities, the slow-
ing process is more efficient than the acceleration process, and the two peaks
merge into one. This is natural multi-frequency slowing and is'‘especially of-
fective because of the apyropriaie hyperfine splitting of Rb. It <an not be
exploited in sodium [2], where the hyperfine splitting is 100 small. Instead
one musi assist the angle-tuned slowing with a stepwise change in laser fre-
quency (multi-frequency slowing). The large excited state hyperfine splitting
of rubidium provides +his effect &.c::37y,

The results in Fig. 6c and 6d have been measured for a ratio of EOM side-

band over carrier § = 0.62. For positive detuning the resonance-condition (at

8




»

170 m/s) can only be met by the cyclic Fy=3 to Fe=4 transition. Therefore
a weak repumping sideband is sufficient to maintain the acceleration process.
However, for negative detuning the F,=3 to F.=3 (and F,=3 to F,=2) tran-
sition can excite atoms at 170 m/s due to angle-tuning. This means that a
weak repumping sideband is not sufficient to maintain the slowing process.
Finally, having established confidence in the numerical model by the agree-
ment with the measurements, we show the result of calculations for a 20, 60
and 100 cm long slowvers with a 500 mW input power (Fig. 7). Note that
the fraction of atoms around 50 m/s has increased by a factor of 100 over the
initial distribution. Because this strong increase shows promise for important

applications of this technique, we are currently building an extended length

slower.
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Figure captions

Fig. 1. A schematic view of the apparatus. An explanation of its com-

ponents is given in the texi.

Fig. 2. A scheme of the relevant energy levels of #*Rb.

Fig. 3. Fraction of atoms in the Fy=3 state after the atoms pass through
the slower for oven temperatures of 170° (A) and 130° (O) are given. The

line is the calculated result from the rate equations.

Fig. 4. Laser power measured as a function of position along the exterpal
wall of the Rb-exposed Spectralon tube of 10 cin length before (o) and after
(&) cleaning. The calculated power is given for £ =99% (- -.), 98% (—), 96%

(= -) and 92X (- -~ —=-). The results are scaled appropriately. The laser .

beam enters the tube at the zero position.
- Fig. 3. The measured and caicvlated initial velocity distribution.

Fig. 6. The difference between the glowed and initial atomic veloc-
ity distribution. The experimental and calculated results show agreement.
'.l‘he}otal laser power is P = 100 mW. (a) Natura! multi-frequency slowing,

1l




§ = =150+ 50 MHz, § = 1. (b) Acceleration showing two dips, §=1901 50
MHz, 8 = 1. (c) Slowing disappears, é = -190 4+ 50 MHz, 8 = 0.02. (d)
Acceleration remains, § = 190 £ 50 MHz, § = 0.02.

Fig. 7. Calculated initial (solid line) and final atomic velocity distribu-
tions for § = --75 MHz, P = 500 mW, r=02%, § = 0.5 and the EOM is
driven at 2.97 Gliz. The lengths of the slower are 20 cm (---), 60 cn (=---)
and 100 cm (~ - = - =-). The lasgest slowed peak at 50 m/s contains ~25% of

all incident atems.
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